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ABSTRACT

This reporl documents work carried out in the Materials Research Laboratory of The
Pennsylvania Stale University on the third and final year of the program on “Pliezoclectric
and Elcctrostrictive Matcrials for Transducers Applications® s; - sored by the Ol ¢ of Naval
Research (ONR) under grand No. NO0014-89-J-1689. Th!: -arks !he termination of a very long
and highly productive scquence of contracts and grants jocusing on (he development of new
materials for Plczoclcetric and Electrostriclive Lransducer applications carried through under
core ONR funding. Forlunalely mmany clements of the work will be continuing on a ncw
Universily Rescarch Initiative (URI) program under ONR sponsorship.

Highlights of the past ycar's activilies include: 1 increased emphasis upon the
flextensional (moonie) type actuators, modeling both the ernal stress distribulion as a
function of geoinriry, and the + 'y inleresting resonant mode structure of {he composites; A
more refined fociis upon the performance of piezoelectric ceramic transducers, partlicularly
under high drive levels is developing with concern for the exirinsic domain and phase
boundary contribullons {o response. Measurement and modelling are being used Lo exploic the
nonlinearily and the [requcncy response and (o examine the phase parlitioning at the
rhombohedral : tetragonal morphc opic phase boundary in the PZT syslem. Phenomena
lmiting lifethue 1 polarization and phasc switching actuators are being explored to separate
surface and voluine clfects and those due (o grain size and law populalion differences. New
work has been initlaled lo examine Acouslic Emission as a technique, in combination with
Barkhausen current pulse analysis, to separale and evaluate omain swilching and
microcracking in polarization switching systems.

From work on this pirogram il has now become clear that the relaxor ferroelectrics are
in facl close analogucs of the magnetic spin glasses, so that the spin glass formalism can be
used to explain Lhe very widc range of dielectric, elaslic and electrostrictive properties. The
remaining outstanding fundamental problemn is that of the deln’led interrelationship belween
the known nano-heterogeneily in the structure and chemis!. -'nd the nanopolar regions
which contribute the electrical response.

Of very high praclical interest is the manner in which the relaxor can be field biased
Inlo extremely sirong piezoeleciric 1osponse. Work is going forv:ird to examine this response
in detail and to explore the possibility that such "super-respons:  :an be induced by chemical
{solid solulion) means.

Processing studies have focused upon new lower temperature consolidations for

relaxors, and upon new compositions for high temperature piezoelectric cecramics.

In parallel with the ONR Transducer Program {he Laboratory has exiensive DARPA
sponsored research on ferroclectric thin films. Since the films structures frequently involve
materials like {he PZT, PMN : PT. PLT and PLZT famllies of : »mposilions and do explore
pliczoelectric elfects and applications, a small group of the mosl relevant papers form this

program are appended Lo the report.
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Distribution Functions of Coexisting Phases in a

Complete Solid Solution System

Wenwu Cao and L. Eric Cross
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

Keywords: Phase coexistence, Lead zirconate titanate, PZT, Solid solution, Solubility gap,

Morphotropic phase boundary.

In the phase diagram of a binary system one often encounters a compositional region in
which two phases coexist. A common practice is to use the Lever Ruie to describe the
distributions of the two coexisting phases. However, if the binary system is a complete solid
solution system, the Lever Rule is in conflict with thermodynamic principles. A new type of
distributions have been derived for a solid solution system without solubility gap. Applications of
the theory to pure and modified lead zirconate-lead titanate (PZT) systems show excellent
agreement with the experimental data. Several disputed facts about PZT are also explained
satisfactorily.




i. INTRODUCTION

A general phase diagram of a binary system A-B is given in figure 1(a). There are one
liquid phase L and two solid solutions & and y. A and B are completely miscible in the liquid
phase, but in the solid phase, there is a solubility gap in which the two solid solutions & and y

coexist. At temperature T}, the molar percentages, fo and fy, of the two coexisting phases are

govemed by the Lever Rule

L (1)

The two special points g and h on the isothermal tieline at T = T represent the boundaries of the
solubility gap. The corresponding free energy versus composition plot is shown in figure 1(b).
One can see that the two boundary compositions are located at the minima of the free energies for
the a and y phases. For compositions falling inside this solubility gap, two phase mixtures will be
formed consisting of g and h compositions, and the ratio of the two phases obeying the Lever
Rule.

Figure 1(c) is another type of phase diagram for a A-B binary compound. Looking at the
subsolidus region we have three solid solutions, B, @ and y. This is a complete solid solution
system, viz., no miscibility gaps and no solubility gaps. However, there is a structural phase
transition from B to either a or y phase depending on the composition of the solid solution. The
well known lead zirconate titanate (PZT) and its derivatives are examples of this situation. From
thermodynamics there should be no coexistence of the a and y phases, which may be understood
from the free energy plot in figure 1(c) at temperature T = T|. We can see that both free energies
for the a and y phases are monotonic functions of composition, there is one cross over point k
which is termed the morphotropic phase boundary (MPB). From energy minimization principle
only one phase is stable for a given composition. However, when the transition temperature is

reasonably high and the phase transition is of second order, thermal energy could induce some




amount of second phase at the transition if the two free energies are relatively parallel near the
cross over point. In other words, phase coexistence can also occur for the situation shown in
figure 1(c). In fact, such coexistence has been observed in the PZT system.

One must note that the phase mixing are completely different in the cases of figure 1(a) and
of figure 1(c). In the former we mix two phases of different structures and of different chemical
compositions but in the latter we mix two structures of the same chemical composition. Because
the different chemical compositions in the former case, the conservation of matter leads to the
Lever Rule. but for the case in figure 1(c), the distribution functions cannot be obtained
staightforwardly and there is no reason for the two coexisting phases to obey the Lever Rule.

A new approach is proposed for the situation in figure 1(c) when the structural phase
transition from P to a or ¥ is of second order.!2 The proposed theory is applicable to the PZT
system because the phase transitions for solid solutions of composition near the MPB are indeed
second order.3 In what follows we briefly describe the proposed model and give two example to

show the good agreement between theory and experiments.

. THEORY

In order to visualize the concept we look at a hypothesized 2-d problem of a complete solid
solution system AC-BC. The high temperature phase is a nonferroelectric square phase as shown
in figure 2(a) and the two low temperature phases are rectangular and oblique ferroelectric phases
as shown in figures 2(b) and 2(c) respectively. The phase diagram in the subsolidus region is
given in figure 1(4). We call the starting point of the morphotropic phase boundary the eutectoid
point.

Assume the phase transition at the eutectoid point is second order, strong thermal
fluctuations will occur near the transition temperature Tc. Below T, the system will be locked into
one of the low temperature phases. The probabilities of going from the square to the rectangular or

oblique phases are predetermined in the fluctuating state. This situation is depicted in figure 3.
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Figure 1 Phase diagram for a binary A- B system.

(a) Solid solutions a and vy coexist inside the solubility gap in the subsolidus

region.

(b)  The free energies of & and y phases versus composition at temperature T;.

The two minima correspond to the edge compositions of the solubility gap.

(©) Phase diagram for a complete solid solution system. The nearly vertical

line which divides the & and y phase is the morphotropic phase boundary.

(d)  The free energies of a and y phases at temperature Ty for a complete solid

solution system.
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Ilustration of 2-dimensional square-rectangular and square-oblique structural
phase transitions in a complete solid solution AC-BC. (a), (b) and (c) are the lartice
structures for the paraelectric square, ferroelectric rectangular and ferroelectric

oblique phases respectively, (d) is the corresponding phase diagram.




The profile of the fluctuating state near T and the final low temperature states are shown in figures
3(a) and 3(b), respectively in the order parameter space. The thicker line in figure 3(a) illustrates
the profile for the case of square — rectangular transition [near BC region in figure 2(d)} and the
thinner line is for the case of square — oblique transition {near AC region in figure 2(d)). Near the
MPB composition, the profile of the fluctuation will look like the outer rim of the pattern in figure
3(a).

There is a link between the situations described in figure 3(a) and figure 3(b), which
becomes apparent if we assume that the thermal fluctuations are orientational ergodic. Thus the
probability of attaining a particular low temperature state in figure 3(b) while on cooling from the
fluctuating state figure 3(a) is proportional to the effective angle it occupies in the fluctuating state.
A polygon may be constructed to calculate the effective angle of each low temperature state in the
2-d problem. This concept can be easily generalized to a 3-dimensional case for which the
probability of attaining a low temperature state is proportional to the effective solid angle that low
temperature state occupies in the fluctuating state. A polyhedron may be constructed in the order
parameter space in order to calculate these effective solid angles, we name it the probability
polyhedron.(1.2)

The solid angle calculations may be carried out on the surface of the polyhedron. Due to
the relatively high symmetry of the problem we only need to derive a general formula for one right
triangle surface as shown in figure 4, the solid angle is given by

o2 +a)"
ABC

Qom:f —ads
(2)

where ds is the area element on the surface of JABC and p is the distance of this area element

from point A. The integration may be conventionally carried out using cylindrical coordinates
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Figure 3 (a) Thermal fluctuation profile at the Eutectoid point in the order parameter
space for the 2-dimensional problem described in Figure 2.
(b)  Degenerate low temperature states for the morphotropic phase boundary
composition. The solid circles are for the rectangular phase and the open
circles are for the oblique phase respectively.
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Figure 4 Solid angle subtended by a right angle aABC with respect to point O.
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= ¢° "33 arc sin >
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According to classical statistics when coexisting phases are not energetically degenerate, the
probability of attaining the ith low temperature state and hence the solid angle ; in our problem is

G;-G,
proportional to exp (‘ —.ﬁ'?_) , where G; and Gy, are the free energies of the ith low temperature

phase and the high temperature phase respectively. Because the solid angle subtended by a given
surface area with respect to a given point in space is inversely proportional to the square of the
distance between the surface and that point, we may write the distance variable r; in the following

form

“ﬁ“"‘"( 2T, ) @

For the PZT system the probability polyhedron is given in figure 5. From eq. (4) we have
rr # IR unless Gt = Ggr. In order to calculate the distributions of nondegenerate states, we define

a distribution anisotropy parameter &:

8= —T—&—l exp‘ 2T ) ©

Using the general formula eq. (3) the distribution functions fr and fg in terms of this single
parameter § can be obtained for the polyhedron in figure 5:




Probability polyhedron for complete solid solution systems with coexisting
thombohedral and tetragonal phases, such as PZT.

Figure 5

10
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At the MPB we have Gt = GRr and & = 0, so that the molar ratio of the thombohedral and

tetragonal phases becomes:

. [3-73
£ It - 6 arcsin
R 6 ! _1a4s
f_ _ . -
T 6arcsin(3 Gﬁ)

8)

The system we have discussed above refers to a single domain system. A ceramic can be
treated as an ensemble of domains, therefore the probability functions fr and fr also represent the
molar fractions of rhombohedral and tetragonal phases in a ceramic system. Thus, using eq. (8)

one may determine the MPB éomposition from x-ray diffraction intensity measurements.
OI. COMPARISON WITH EXPERIMENTS

The difference of the two energy densities may be expanded around the MPB composition

8&-81'=%(GR-GT)= Y a(x-xP,
n=1] (10)
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where v is the volume of an element in a statistical ensemble. Looking at figure 1(d) one finds that

eq. (10) may be well represented by a linear function near xo,
8R - 8T =0} (X - Xo). (11)

Now let us examine the probability polyhedron in figure 5 more carefully, when

R > ﬁ I the six representative surfaces for the tetragonal phase will meet each other to form a

cube, which implies that only tetragonal phase can be formed. Vice versa, where IR < L IT the

K}

representative surfaces of the rhombohedral phase will form a closed octahedron so that only

thombohedral phase can be formed. This restricts the & values in the following range:

1
1-Y3<d<l-—.
V3 (12)

Using this relation and eqs.(5) and (11) we can drive the width of the coexistence region2,

2kT. In3
gy 13)

Ax =

An important conclusion can be drawn from eq. (13): The width and the boundary compositions
of the coexistence region are not well defined in a complete solid solution system , they depend on
the volume v of the statistical elements, for instance the domain size in a ceramic system. This fact
marks the physical difference between the phase coexistence inside a solubility gap and near the
MPB of a complete solid solution [see figures 1(a) and 1(c)].

Substituting eq.(13) into eq.(11) we can rewrite eq. (5) to the following form

o=1 -exp[(_x_;_x_?)_‘ni] .
Ax (14)

12




The parameters x, and Ax may be fitted from experimental data using egs. (14) and (6) [or (7)}.
Two examples are given below to demonstrate the procedures.

It is known from experience that the coexistence region in pure PZT system is very
narrow. Therefore, due to the limitations of x-ray resolution it is difficult to obtain a reliable molar
ratio of the rhombohedral and tetragonal phases from x-ray measurements. However, when small
amounts of dopants are added to the PZT system, the coexistence region usually becomes wider
and the diffraction peaks become relatively easier to be separated from each other. The data points
in figure 6 were measured by Hanh, Uchino and Nomura? on the solid solution system 0.1 Pbg g
Ko.1 (Zn)3 Nbys3)02.95 - (0.9 - x) PBZrO3 — xPbTiO3. [Note the compositional variable x refers
to the mole percent of PbZrOj3 in reference 4 but refers to the mole percent of PbTiO3 in this
paper, all data points have been converted accordingly.] The squares and circles are the molar
fractions of the thombohedral and tetragonal phases respectively. The authors of ref. 4 have fitted
their experimental data to the Lever Rule, which are shown in figures 6 as the solid curves, the two
edge compositions are xj = 0.45 and x3 = 0.57. Although it appears that the fitting is reasonably
good for these limited data points, the kinks at x; and x2 are in contradiction with the nature of a
complete solid solution system. As mentioned above, the two edge compositions in the Lever
Rule actually define a solubility gap. One cannot explain the physical meaning of these two edge
compositions for a complete solid soluﬁon system. The dotted curves are fitted using the theory
presented in this paper, the two fitted parameters are x, = 0.5027 and Ax = 0.2066. We can see
that the fittings are surprisingly good, all the data points are almost exactly on the curves! More
importantly, the kinks have been smoothed out, which makes the current theory more consistent
with the nature of complete solid solution system than the Lever Rule.

In comparison the width obtained from the current theory, Ax = 0.2066, is wider than that
given by the Lever Rule x2 - x{ = 0.12. Both theories agree reasonable well if the second phase
has more than 20%, but they deviate severely from each other near the edges of the coexistence

13




region. In practice, the long tails in our theory may be difficult to be observed because the x-Ray
technique cannot detect the existence of a second phase if it is less than a few percent. The
resolution would be even worse if the diffraction peaks of the two coexisting phases are closely

located. For this reason we give a useful relation to estimate the width parameter Ax,

Ax = 18.87 (xm - Xo) , (15)

where x, is the MPB composition at which fr:ft = 60:40, and xq, is the equal fraction
composition at which fr:ft = 50:50. These two compositions can be easily obtained from
experiments and are indicated in figure 6.

Unlike the Lever Rule, the distribution functions eqgs. (6) and (7) are asymmetric with
respect to the equal fraction composition x, one may notice this point by looking at the dotted
curves in figure 6. This asymmetric feature has been verified by experiments in other systems, for
example the experimental results of Ari-Gur and Benguigui’ for the PZT solid solution system
(figure 7). One can clearly see this asymmetry from their data. Although it seems that some
experimental errors might have occurred because the MPB composition has been shifted further to
the rhombohedral side (which might be caused by the presence of impurities in their chemicals),

the data can still be well fitted using egs. (6) and (7). The two fitted parameters are xo = 0.4212,
Ax = 0.2554.

IV.  SUMMARY AND CONCLUSIONS

The distribution functions have been derived for the coexisting phases near the
morphotropic phase boundary in a complete binary solid solution system. It is shown that the
phase coexistence near the MPB in a complete solid solution is different from the phase
coexistence inside a solubility gap. The latter has two special compositions x; and x3 specifying
the edges of a solubility gap, and the distribution inside the gap can be described by the Lever Rule.
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Figure 6 Molar fractions fp and fr of the rhombohedral and tetragonal phases inside the
coexistence compositional region for 0.1Pbg.9Kg.1(Zn1/3Nb2/3)02.95 - (0.9 - x)
PbZrO3 - xPbTiOj3 solid solution. The squares and circles are experimental data
from ref. 4, the solid curves were fitted using the lever rule and the dotted curves

were fitted using the current theory.
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Figure 7 Experimental data (the squares and circles) of Ari-Gur and Benguigui (ref. 5) on
the PZT system and the fitting curves using the current theory.
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While for the former, only the MPB composition x4 is well defined, the width of the coexisting
region is inversely proportional to the volume of individual element in a statistical ensemble.
Contrary to the customarily used criterion for the MPB, i.e., fr:fT = 1:1, the ratio should be
roughly given by fr:fr = 3:2 from our theory, which agrees with the MPB determined from
dielectric measurements. Superior to the Lever Rule, the current theory does not give those kinks
in the distribution functions, therefore is more consistent with the nature of a complete solid
solution system. The distribution functions eqs. (6) and (7) are asymmetric with respect to the
middle point xg,, which is another major difference between the current theory and the Lever Rule.
Experimental results show that this asymmetry indeed exist. In addition to the surprisingly good
agreement between the theory and the available experimental data, the current theory also provides
a reasonable explanation to the controversy regarding the width of the coexistence region in the
PZT system. A well defined width can not exist in a complete solid solution system because Ax
is inversely proportional to the domain volume, and the domain size depends very strongly on the

ceramic processing procedures.
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ABSTRACT

A spin-glass-like model for the relaxor ferroelectric has been developed. The
glassy behavior is shown to be reflected in the dielectric, polarization, and
clectromechanical responses. The glassy behavior is believed to arise due to
correlations, both dipoiax and quadrupolar, between superparaelectric sized
moments.

The complex susceptibility was measured over the frequency range of 102 w0
107 Hz. The frequency dispersion of the temperature of the permittivity maximum
was modelled with the Vogel-Fulcher rclationshib. predicting a characteristic
freezing temperature which coincided with the collapse of a stable remanent
polarization. The imaginary component was also found to be nearly frequency
independent below this temperature, phenomenologically scaling to the Vogel-
Fulcher relationship. The relaxation time distribution was then calculated by
analogy to spin-glasses, and shown to extend from microscopic to macroscopic
periods near freezing reflecting the onset of nonergodicity. The deviation from
Curie-Weiss behavior was also investigated. At high temperatures, the dielectric
stiffness was found to follow the Curie-Weiss relationship. A local (glassy) order
parameter was calculated from the deviation at lower temperatures, by analogy to
spin-glasses. The dependence of the complex susceptibility on an applied electric
field and the degree of chemical long range ordering was then investigated using
these techniques.

The remanent polarization was investigated for various electrical and thermal
histories. The field-cooled and zero-field-cooled behaviors were both studied. The
magnitude of both polarizations was found to be equal above a critical temperature.
A macroscopic polarization developed under bias in the zero-field-cooled state, with

‘the temperature of the maximum charging current decreasing with increasing bias.




This decrease was modelled using the deAlmedia-Thouless relationship, which
predicted an average moment size freezing of approximately 3x10-25 C-cm. The
time dependence of the remanent polarization was also investigated. The square-to-
slim-loop hysteresis transition, measured using a standard Sawyer-Tower circuit,
was phenomenologically modelled by modifying Neel's equation for the
magnetization of a superparamagnet to a similar relationship for a superparaelectric.
A temperature dependent internal dipole field was included to account for
correlations. The slim loop polarization curves were also found to scale to E/(T-Tg).

The electromechanical behavior was investigated using a nonlinear internal
friction technique. The linear elastic response was found to stiffen at all bias levels
with the maximum electroelastic coupling occurring near the Vogel-Fulcher freezing
temperature. A strong frequency dependence of the kinetics of the anelastic
relaxation was found at low measurement frequencies. These data are compared to
recent high frequency results. The existence of an inhomogeneous internal strain
was found from the line broadening of the (220) and (321) diffraction peaks. On

application of an electrical field the intemnal strain is relieved by the development of

a macrostrain which is shown to be the electrostrictive strain. Strong elastic.

nonlinearities, both an elastic softening and hardening under stress, have also been
observed. These results are interpreted as a stress activation of the internal

deformation process.

iv




APPENDIX 21




PHILOSOPHICAL MAGAZINE B, 1991, VoL. 64, No. 3, 335-344

The dielectric relaxation of lead magnesiom
niobate relaxor ferroelectrics

By DWIGHT VIEHLAND, S. JANG, L. Eric Cross

Materials Research Laboratory, The Pennsylvania State University,
University Park, Pennsylvania 16802, U.S.A.

and MANFRED WUTTIG

Department of Materials and Nuclear Engineering, University of Maryland,
College Park, Maryland 20742, US.A.

[Received 7 January 199! and accepted 20 February 1991]

ABSTRACT

The dielectric spectroscopy of lead magnesium niobate relaxor ferroelectrics has
been investigated over the frequency range of 10? to 10’ Hz. The imaginary
component was found to become nearly frequency independent below a freezing
temperature, and scaled to a phenomenological equation involving the Vogel-
Fulcher relationship. The absorption and Cole—Cole plots were found to become
very broad near this freezing temperature. The relaxation time distribution was
subsequently calculated by analogy to spin and dipolar glasses. A strong
broadening of the distribution was found in the vicinity of the freezing temperature.
It is proposed that this deviation from Debye behaviour is a result of the
development of correlations between polar moments leading to the onset of non-
ergodicity near freezing.

§ 1. INTRODUCTION

Lead magnesium niobate (PMN) is a relaxor ferroelectric. In the zero-field-cooled
(ZFC) state, relaxors are characterized by a relaxational process typical of a classic
dielectric relaxator, and by the lack of macroscopic polarization and anisotropy. Burns
and Dacol (1983, 1986) have shown that a local polarization exists in the ZFC state to
temperatures much higher than that at which a remanent polarization can be
sustained. In the field-cooled (FC) state relaxation is not observed (Viehland, Jang,
Wuttig, and Cross 1991), and the system is able to sustain a macroscopic polarization
below a critical temperature which is significantly lower than the radio frequency
permittivity maxima. Smolenski and Agranovskya (1960) originally proposed that
underlying the relaxor behaviour is a chemical inhomogeneity on the B-site cation,
leading to a spatially varying composition with local Curie temperatures. Randall and
Bhalla (1990) and Chen, Chan, and Harmer (1989) have recently shown that in PMN
there is a partitioning on the nanometer scale into chemically homogeneous clusters. It
is currently believed that it is the scale of this process which underlies the relaxor
behaviour. Cross has suggested that local ferroelectric phase transitions may occur
inside these individual chemical regions (Cross 1987). The size of these moments is such
that their orientations may be thermally agitated, analogous to superparamagnetism
(Neel 1949).

Kersten, Rost, and Schmidt (1983) have shown that the dielectric relaxation is
Debye-like at temperatures significantly above the temperature of the permittivity
maximum (T,,,,). Yushin, Smirnova, Dorogortsev, Smirnov and Galyamov (1987) have




336 D. Viehland et al.

recently found a broadening of the relaxation time distribution near T,,,, unlike a
Debye process. Kirolov and Isupov (1973) have analysed the frequency dispersion of
T« With the Debye relationship obtaining an activation energy and pre-exponential
factor of 7¢V and 104°s™!, respectively. Cross et al. have recently analysed the
frequency dispersion of T,,,, with the Vogel-Fulcher relationship (Viehland, Jang,
Wauttig and Cross 1990), analogous to spin glasses (Tholence 1979, 1980), obtaining an
activation energy and pre-exponential factor of 0-04¢V and 10'2s~*, respectively.
Cross et al. found that the freezing temperature (T;) coincided with the temperature at
which a stable remanent polarization can be sustained. A dipole glass model for
relaxors was subsequently proposed (Vichland, Jang, Li, Wuttig, and Cross 1991), with
local dipole fields between superparaciectric moments leading to the development of a
frustration below the [reezing temperature.

The magnetic and dielectric relaxations of spin and dipolar glasses are believed to
undergo freezing, due to frustrated interactions (Edwards and Anderson 1975),
(Kirkpatrick and Sherrington 1978), and random fields (Morgownik and Mydosh
1981), (Nozav, Sechovsky and Kambersky 1987). The magnetic absorption and
Argrand plots are known to become broad near T; (Huser, Wenger, vanDuyneveldt
and Mydosh 1983). It is believed that on cooling through T;, the relaxation-time
distribution strongly broadens, extending from microscopic to macroscopic time
periods. The broadening is believed to be due to the onset of non-ergodicity above the
freezing temperature. It is the purposc of this work to investigate the dielectric
dispersion of PMN around the freezing temperature, and compare the results to spin
and dipolar glasses.

§2. EXPERIMENTAL PROCEDURE

The samples used in the study were PMN single crystals. The crystals were grown
by a flux method as described by Setter (1980). They were orientated along the (100)
direction, were of dimensions 0-2 cm x 01 cm x 0-08 cm, and were electroded with gold.

The dielectric constant was measured as a function of frequency (w) between 450
and 150K at a cooling rate of 4°C min~*. The frequencies used were 107, 10, 104, 10,
10%, and 10" Hz. The measurements were made using HP4275A and 4274A LCR
meters. The dielectric curve for each frequency was smoothed and interpolated to
determine the temperature of the permittivity maximum (7,,,) as accurately as
possible. The remanent polarization was also measured for comparison using a
standard pyroelectric technique.

§3. RESULTS AND DISCUSSION

The complex susceptibility, y=x —ix”, is shown in fig. 1(a) and (b) for various
measurement frequencies. The real component (x) had a maximum of approximately
22000 at 260 K for a measurement frequency of 100 Hz, and the imaginary part (x”) had
a maximum of approximately 1200 at 250 K. It should be noted that the inflection point
of ¥ corresponds in temperature to the maximum x'. The quantity x” was essentially
frequency independent below 230K, indicative of a freezing into a glassy state. The
value of y” seemingly extrapolated to zero near 0K, uanlike the metallic spin glasses
(Mulder vanDuneveldt 1982) whose absorption extrapolates to approximately 60%
and of its maximum. At lower temperatures the dispersion of ¥’ was significantly less,
but was observed at much lower temperatures than for y”. .

The strong decrease in the frequency dispersion of x” below 230 K suggests that the
data can be scaled by approximating x” (T, ) as K T)R(x) following Courtens (1984),
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{a) The dielectric permittivity (x) of PMN as a function of temperature for measurement
frequencies of 103, 10°, 10, 10, 10¢, and 10" Hz. The top curve is the lowest frequency
and the bottom the highest. (b) The imaginary part of the dielectric response (1”) as a
function of temperature for measurement frequencies of 102, 10°, 10%, 103, 10%, and
10? Hz. The bottom curve is the lowest frequency and the top the highest. (c) Ax’/A log (w)
as a function of temperature.

where T) and R(u) describe the frozen and dynamic contributions respectively, and
ww, T) is a scaling variable. The function R{u) is given by eqn. 1

R(u)=4[1+tanh ()], M

u= «Eg - E)»
and where d is s constant in units of eV ™!, and E_ is a cutoff energy in units of eV. The
value of E can be approximated by the Vogel-Fulcher relationship
1=1oexp [E/KT — T;)] (Vogel 1921, Fulcher 1924), where 1/, is the Debye frequency
and T; a freezing temperature. At lower temperatures R(u) is approximately 1, and x”

where
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(T,w)=kKT). At higher temperatures R(u) decreases approaching zero; consequently
(T, w)=0. At intermediate temperatures, R(u) varies as a function of frequency (w
= 1/1), as given by the Vogel-Fulcher relationship. The functional dependence of KT)
was empirically determined from low temperatures (T<23CK) by an exponential
fitting, c, exp(c,T). The modelling was done using a Levenberg-Marquardt fitting,
solving for d, E_, and T;. The values of ¢, and ¢, were held constant during the fitting,
and t, was assumed to be 1 x 10725 as previously reported (Vichland et al. 1990).
Minimum variance (~2%) was obtained for d, E., and T; equal to 5889eV™!,
0-0764 ¢V, and 220-33 K respectively. The phenomenological model is shown alongside
the experimental data in fig. 2 (a). Reasonable agreement can be seen. The function R(u)
is shown in fig. 2 (b) for various measurement frequencies. The data scales quite readily
with (E.— E) over a wide range of frequencies.

The value of T; was also estimated by modelling the dispersion of T,,, with the
Vogel-Fulcher relationship for comparison. Minimum variance was obtained for 1/7,,
T;and E, equal to 10'2571,217-7K, and 00786 eV respectively. The values of E,and T;
are in close agreement with those of E, and T; as determined from the modelling of 1"
using eqn. 1. The fitting of the data is shown in fig. 3(a). Analysis with the Arrhenius
relationship yielded an activation energy and a pre-expoential factor of 7eV and

Fig 2
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The points are the imaginary contribution of the dielectric response (r”) as a function of
temperature for measurement frequencies of 107, 10%, 10*, 10%, 10°, and 10’ Hz The
bottom curve is the lowest frequency and the top the highest, and where T; is the freezing
temperature. The solid line is a phenomenological fitting to eqn. 1. (b) the scaling
parameter [R(u)] as a function of the scaling variable (u) for various measurement
frequencies.
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(a) The temperature of the permittivity maximum as a function of the measurement frequency.
The dots are the data and the solid line is the fitting to the Vogel-Fulcher relationship.
(b} The remanent polarization as a function of temperature.

POLARIZATION (C/m?)

104°s 3, respectively. Both of these values are physically unreasonable for a thermally
activated process. The remanent polarization (P,) as a function of temperature is shown
in fig. 3(b). The extrapolation of P, to zero yielded a temperature between 215 and
220K, which is close to T;. This shows that on zero-field heating from the field-cooled
state, the macroscopic polarization collapses near the Vogel-Fulcher freezing tempera-
ture. The implication is that the thawing temperature of the field-cooled state and
freezing temperature of the zero-ficld-cooled state coincide, reflecting the kinetics of the
polarization reversals. The static polarization of PMN-10PT has recently been
determined from Sawyer-Tower measurements and shown to scale to hyperbolic
functions involving a reduced temperature somewhat similar to eqn. 1 (Vichland et al.
1991).

The Vogel-Fulcher scaling of x” has been interpreted to mean that freezing does not
occur by cluster growth, but rather by the freezing of local modes (Courtens 1984). The
scaling in rhubidium ammonium dihydrogen phosphate (RADP) is belicved to be due
to a competition between antiferroelectric and ferroelectric exchanges on the atomic
level, Courtens (1984), Courtens, Rosenbaum, Nagler, and Horn (1984). This is further
substantiated by the saturation of the correlation length at 12 A near T; (Courtens et al.
1984). The Vogel-Fuicher scaling of " in PMN may have its origins in the phase
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separated superparaclectric regions. Chemically homogeneous regions on the scale of
approximately S0 A have been obscrved by transmission electron microscopy (TEM)
(Chen et al. 1989, Randall and Bhalla 1990) The local polarization may be
homogencous within each region and of predetermined size. Dipole fields between
superparaclectric moments may subsequently lead to a freezing of the polarization
fluctuations into a glassy state at lower temperatures. This is further substantiated by
the saturation of the correlation length in PMN crystals at 200A near the Vogel-
Fulcher freezing temperature (Vakhrushev, Kvyatkovsky, Naberezhov, Okuneva and
Topervers 1989, Viehland, et al. 1991).

The absorption, x”, over a wide range of {requencies at various temperatures
around T; is shown in fig. 4. The width of the y* curves exceeds that which can be
attributed to a single relaxation time, and strongly suggests a wide distribution. The
absorption width increases as the temperature decreases approaching T;, and becomes
essentially flat below T; with all curves remaining parallel. The implication is that
dramatic changes occur in the relaxation time distribution on cooling through T;. This
change cannot be attributed to a normal Debye-like relaxational process, because 1,
does not shift steadily down in frequency. Kersten, Rost, and Schmidt (1983) have
previously analysed the temperature dependence of ., with the Debye relationship,
obtaining an activation energy and pre-exponential factor of approximately 0-5¢V and
10~ %5, respectively. Their modelling was done at temperatures significantly above the
permittivity maximum, where the absorption has distinct peaks as shown in fig. 4. In
this temperature range the local polarization fluctuates at relatively rapid frequencics,
i.e. the superparaclectric moments are nearly decoupled. The shift of ¢, can then be
modelled by the Debye relationship over a limited temperature interval. But as strong
correlations develop between neighbouring moments on cooling, the relaxation
deviates significantly from Debye behaviour as reflected in a strong temperature
dependence of the activation energy and pre-exponential factor (Kirollov and Isupov
1973). Cole—Cole plots are shown in fig. 5 around T;. Near T; the plot is flat; with
increasing temperature curvature can be seen, and near the temperature of the radio

Fig. 4
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The dielectric absorption (¢) as a function of frequency at various temperatures.
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Cole-Cole plots at various temperatures around freezing.

frequency permittivity maxima semicircles are observed. The flattening of the Cole-
Cole curves near the Vogel-Fulcher freezing temperature suggestes as well that the
relaxation time distribution is becoming very broad with the tail of the distribution
extending into the macroscopic time regime.

The dielectric and magnetic responses of dipolar and spin glasses can be
represented by a summation over a distribution of relaxators (Courtens 1984,
Lundgren, Svedlindh and Beckman 1981), as given in eqn. 2

l'o(T) d Int, )

£(T. 0= J’"c«:,
0

where G(z, T) is the distribution of relaxation times, yo(T) the low-frequency limit of
1(T,w), and w=t""'. Assuming G(z, T) is very broad in In(z), x" can be approximated
from 2 as given in eqn. 3

X (T, )= o T)G(z, T). (&)

Following such a procedure causality predicts that y” ~8y'/51n(w) (Lundgren et al.
1981), which is illustrated in fig. 1(c). The agreement with the data in fig. 1 (b} is quite
good.

Isothermal cross sections of G(z, Ty) as a function of 1 for PMN are shown in fig. 6 (a)
aT=T,T>T, T=T,,and T> T, respectively. The value of x;,(T) was assumed to
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be the 100Hz y(T). Solid lines are drawn to represent what the distribution most
probably looks like over the whole frequency range. The drawing of these lines was
guided by the fact that G(z, T)=0 near 1p,,,,, and that at higher temperatures the
distribution will be Gaussian. Near T; the distribution was found to be essentially fiat
between 10~ 2 and 10~ ", tailing to zero near 10~ !2. With increasing temperature the
distribution sharpened, developing a distinct 1,,,, near the temperature of the radio
frequency permittivity maximum. At higher temperatures t_,, was found to shift to
higher frequencies, analogous to a Debye type relaxation, but the width and shape of
the distribution continued to change with increasing temperature. Isotemporal cross
sections, G(zq, T), are shown in fig. 6 (b) at various measurement frequencies. A sharp
step in G{t,, T) was found near T, and shifted to higher temperatures with increasing
frequency. Below T;, G(1o, T) decreased slowly with decreasing temperature. The
magnitude of G(t,, T) also increased with frequency, over the range investigated. The
isotemporal cross sections are essentially the dielectric loss factor. A previously

Fig 6
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(a) The relaxation-time distribution [G(z, To)] as a function of t at various temperatures.
(@) T=T, (b) T>T,(c) T=T,,, and (d) T> T_,,. (b) The relaxation-time distribution
[{G(to, T)] as a function of temperature at various measurement frequencies. The
measurement frequencies shown are 102, 10°, 10*, 10°, 10, and 10" Hz The botiom
curve is the lowest frequency, and the top curve the highest.
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Fig. 7
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Diagram illustrating the proposed temperature-dependent relaxation-time spectrum. G(t, T) is
the number of polar regions baving a relaxation time 1, T is the freezing temperature, and
1, is the Debye frequency.

proposed relaxation time distribution as a function of temperature is illustrated in fig. 7
(Viehland et al. 1990). It can be seen that this mode} is supported by the experimental
data. The isothermal width of the spectrum is shown to become very broad near T;,
approaching the macroscopic time regime. The shortest relaxation time (t,;,) is shown
to approach macroscopic times only at temperatures far below 7;. Above T; the
isothermal width of the relaxation time spectrum continuously sharpens as the
temperature is increased with t,,, and t,,,, approaching the microscopic time regime.

The dielectric spectroscopy results can be understood in terms of the interacting
superparaelectric dipole glass model, discussed above. At high temperatures the
moments are decoupled, exhibiting typical Debye-type behaviour, but on cooling local
dipole fields couple the polarization fluctuations and t,,, varies in a nonlincar manner
parameterizable by the Vogel-Fulcher relationship. It is proposed that as a conse-
quence of increasing correlations, the relaxation-time distribution broadens and
flattens out with decreasing temperature reflecting the onset of non-ergodicity. Near a
critical temperature the distribution becomes extremely broad, as the polarization
fluctuations undergo Vogel-Fulcher freezing into a dipole glass state. Consequently,
the system can sustain a remanent polarization below this temperature. The relaxation-
time distribution remains relatively wide above T;, in effect leading to a diffuse phase
transformation. The diffuse nature of the transformation is thus not a reflection of
compositional heterogeneity as originally proposed by Smolenski and Agranovskya
(1960), but rather a comsequence of size dispersions of polar moments and the
development of correlations.

§4. CONCLUSIONS
The dielectric relaxation of PMN single cyrstals has been investigated, and shown
to be similar to spin and dipole glasses. The absorption was found to be nearly
frequency independent below a freezing temperature which correlated with the
temperature at which a stable remanent polarization collapsed on heating from the
field-cooled state. The absorption spectra and Cole—Cole plots were found to become
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very broad near this freezing temperature. The relaxation-time distribution has also
been calculated and shown to broaden strongly near freezing, extending from the
microscopic to macroscopic time regimes.
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ABSTRACT

Non-linear internal friction measurements have been carried out on lead
magnesium niobate with 10at.7; lead titanate. The purpose of these measurements
was to investigate the field dependence of the elastic and anelastic responses, and to
determine how the response depends on the amplitude of an applied stress. The
linear elastic response was found to stiffen at all bias levels with the maximum
electroclastic coupling occurring near the Vogel-Fulcher freezing temperature. A
strong frequency dependence of the kinetics of the anciastic relaxation was found at
low measurement frequencies. These data are compared with recent high-frequency
results. The existence of an inhomogeneous interna) sirain has been found from the
line broadening of the (220) and (321) diffraction peaks. On application of an
electrical field the internal strain is relieved by the development of a macrostrain
which is shown to be the electrostrictive strain. It is proposed that the local
clectrostrictive strains are dynamic in nature and are at the origin of the anelastic
relaxation. Strong elastic non-linearities, both an elastic softening and hardening
under stress, have also been observed. These results are interpreted as a stress
activation of the internal deformation process.

§ 1. INTRODUCTION

Lead magnesium niobate (PMN) is a classic relaxor ferroelectric. Relaxors are
{erroclectric materials which exhibit a diffuse phase transformation in which there is a
strong [requency dispersion of the dielectric response at temperatures near the
permittivity maximum (T,,,,). On heating from a poled state the remanent polarization
is known to collapse at temperatures significantly below the permittivity maximum
{Bokov and Myl'nikova 1960). The depolarization under an electric field is known to
occur over a broader temperature interval (Xi, Zhilli and Cross 1983). An RMS
polarization, as calculated from the index of refraction, is known at temperatures far
above T,,,, (Burns and Dacol 1983) which shows that a local polarization exists to
much higher tempertures that that which a macroscopic polarization can be sustained.
Smolenski’s (Smolenski and Agranovska 1960) original model of relaxors was based on
the concept of local variations of the transition temperature due to compositional
heterogeneity. More recently Randall and Bhalla (1989) have observed contrast on the

t Also in the Engineering Department.
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836 D. Viehland et al.

nanoscale in PMN using TEM which they believed to be due to short-range chemical
ordering. Cross (1987) has proposed that local polar regions form where allowed by this
short range chemical order, i.. the so-called ‘fossil chemistry’, by a a lowering of the
local symmetry through ferroelectric distortions. He has further proposed that the
frequency dispersion arises due to a thermal activation of the direction of spontaneous
polarization, analogous to superparamagnetism. The frequency dispersion of T, has
recently been found to exhibit a Vogel-Fulcher type freezing (Viehland, Jang, Wuttig
and Cross 1990), and the [reezing temperature was found to correlate with the collapse
of the remanent polarization.

Relaxors arc known to have a large electrostrictive strain (Jang 1979), and to be
strong non-linear materials electrically (Shrout 1980, Glass 1969). The phenomena
underlying the dielectric relaxation then might also be reflected into the elastic
properties. Yushin, Smironova, Dorogortsev, Smirnov and Galayamov (1987) have
recently investigated the anelastic response of PMN in the megahertz regime. They
found that the magnitude and kinetics of the relaxation were frequency independent.
Elastic non-lincaritics have been previously known 1o arise from domain wall motion
(Wuttig and Lin 1983) and nucleation (Anning and Wuttig 1984). In general, these
elastic non-linearities are believed to be a macroscopic reflection of a strain-driven
microscopic deformation process. The purpose of this work was to investigate the
anelastic response in the low-frequency regime and to determine if the response is
dependent on the magnitude of the applied stress, i.c. elastically non-linear.
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§2. EXPERIMENTAL PROCEDURE

The elastic properties were studied using a non-linear internal friction technique
developed by Wuttig and Suzuki (see Anning, Suzuki and Wuttig 1982). A diagram of
the experimental apparatus is given in fig. 1. The technique uses a long thin vibrating
reed which is externally driven through the natural resonance by a magnetic gradient
acting on a small permanent magnet attached to the reed. The mechanical response of
the reed to the driving force was measured capacitively by pick-up capacitors using a
technique developed by Tomboulian (1961). The samples were driven into the non-
linear regime which resulted in asymmetric resonance curves. Measurements were
made using increasing and decreasing frequency sweeps to obtain the compiete
asymmetry of the resonance curves. The resonance curves were then analysed using a
non-linear least-squares fit to an empirical response relationship developed by Nayfeh
(1979) given in eqn. (1);

3faa®\ 1 [ K\ ,
o=on3(i) 2 (a) -2 “’

where w, represents the resonance frequency, o the non-linear elastic constant, é the
linear anelastic constant (damping), K the external excitation, and a the r.ms.
amplitude of vibration of the sample.

Resonance curves werc measured as a function of temperature on heating between
250 and 420K, with resonance frequencies of approximately 10, 100, and 400 Hz.
Measurements were done as a function of bias, the bias levels used were 0, 1,2, 3,4, 5, 6,
7,8,10,12,and 15kV cm ™ '. X-ray line broadening measurements werc also donc using
a position sensitive detector to supplement the data base. Measurements were made as
a function of bias on the (200), (220), and (321) peaks at 25 and 0°C. The dielectric
constant and polarization were also measured as a function of temperature for
comparison using standard techniques.

The samples used in this study were PMN ceramics with 0 and 10at.%PbTiO,
(PMN-10PT). They were prepared as described by Pan, Jiang and Cross (1988). The
samples were free of ageing as described by Pan et al, were free of pyrochlore as
described by Swartz and Shrout (1982), and were electroded with gold. Stoichiometric
ageing-iree samples were used to avoid a potential complication of the relaxation
mechanism by a time-varying defect structure. Supplementary measurements were also
made on La-modifed lead zirconate titanate (PLZT) with Zr/Ti ratio of 65/35and a La

content of 9 at.%;. The PLZT samples were donated by Honeywell Inc. of Bloomington,
Minnesota.

§3. RESULTS

Sample resonance curves are given in figs. 2 (a)}{(d) for PMN-10PT at 270, 292, 310
and 340K, respectively. Each figure contains resonance curves under bias levels of 0,
and 6, and 12kV cm ™', These curves were chosen (o illustrate the field dependence of
the resonance curves at various temperatures. An electrical field increased the
resonance frequency, and decreased the mechanical losses. At lower temperatures the
resonance curve characterized a linear oscillator. As the temperature was increased the
resonance curve bent to lower frequencies with increasing displacement (elastically soft
under stress), and on a further increment of the temperature the resonance curve bent to
higher frequencies with increasing displacement (elastically hard under stress). The
effect of a d.c. bias was to decrease the magnitude of the nonlinearity.
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§4. DiscussioN
The insertion of any local distortion into a crystalline lattice produces internal
strains. Anelastic behaviour is a manifestation of the relaxational kinetics of this
internal deformation process. In PMN the anelastic response can be anticipated to
reflect the kinetics of the polarization fluctuations which can couple the applied stress
to the internal strain through the electrostriction. The elastic stiffness of PMN over 2
wide range of temperatures is illustrated in fig. 3. The elastic stiffness started to soften
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(a) Elastic stiffness and linear damping as a function of temperature for PMN-10PT at a
measurement frequency of 100 Hz. (b) Polarization and dielectric constant as a function
of temperature for PMN-10PT. The measurement frequencies for the dielectric constant
were O-1, 1, 10, and 100kHz.

around 600 K which is close to the temperature of the onset of local polarization as
originally shown by Burns and Dacol (1983). The implication is that the insertion of
polarization into the prototypic phase softens the lattice, via the elecrostriction. The
agreement of the temperature of the maximum in the 100 Hz elastic softening with the
temperature of the 100 Hz permittivity maximum, shown in fig. 4, illustrates that the
relaxational processes in both responses does have a common origin. The dielectric
relaxation has been shown to be glassy due to interactions between superparaelectric
moments (Vichland et al 1990). The implication is that the anelastic relaxation may
also be glassy due to local electrostrictive strain fields.

Figures 5(a)-(d) lustrate the field dependence of the stifiness at various tempera-
tures. The points in these figures are the experimental data, and the solid line is the
curve fitling to eqn. (2);

AE)=c(0)+ BE* + nE* 2

where c is the elastic stiffness, and # and n are the fourth and sixth order electroelastic
couplings respectively. The experimental data was modelled using a nonlinear least-
squares fitting (o egn. (2), solving for # and n. f as a [unction of temperature is shown in
fig. 6. The maximum electroelastic nonlinearities occurred ncar 15°C. The freezing
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permittivity maximum to the Vogel-Fuicher relationship.

temperature has been estimated to be 18°C by modelling the frequency dep..ndence of
Touax Using the Vogel-Fulcher relationship (Viehland et al. 1990) which is close to the
temperature of the maximum electroelastic nonlinearities. The modelling of the
dielectric relaxation is shown as the inset of fig. 6. These results indicate that the local
electrostrictive strains are dynamical in nature and undergo a Vogel-Fulcher type
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freezing corresponding to the freezing of the polarization fluctuations. This can be
interpreted to mean that the polarization fluctuations do not occur within a rigid
framework, but rather inside of a solt framework which deforms in response to the
polarization fluctuations. The maximum nonlinearities in the electroelastic response,
then, occurs near the freezing temperature where a d.c. biasing field can most effectively
repopulate the states. Yushin (1988) has reported a similar anomaly in the electro-
acoustic behaviour near 210K for PMN in the zero-field-cooled state.

An electrical field stiffened the elastic response at all bias levels. If the softening of
the linear clastic stiffiness is solcly related to the introduction of polarization into the
lattice, then application of an electrical field should further soften the lattice because it
would stabilize more polarized regions. A possible explanation of this discrepancy is
that the inhomogeneity in the internal strain field, both in the frozen and dynamical
states, enhances the deformation mechanism. Consequently on application of an
electrical field the lattice stiffens as the randomness of the strain field is destroyed. The
elastic behaviour of PMN may be similar to the orientational glassy state proposed for
(KBr), - (KCN), (Knotr, Volkmann and Loidl 1986, Knorr 1987) in which quad-
rupolar interactions between elastic dipoles leads to a freezing of the anelastic response.
It is proposed here that quadrupolar interactions between polar clusters in PMN
contribute to the freezing process, and that the corresponding frustration is partially
orientational in nature. The main difference between the glassy response in PMN and
(KBr), _ .(KCN), is the scale of the inhomogeneity in the strain field. In relaxors this
scale is on the order of 50-100 A (Randall and Bhalla 1989, Chen, Chan and Harmer
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(220) diffraction peak for PMN-10PT under d.c. bias levels of 0, 10and 0kVem ™ ! (a) T=25°C,
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1989), whereas in (KBr), _ (KCN), it is several unit cells. The glassy contribution to the
elastic soltening conscquently would be expected to be much less for PMN than for
(KBr), _ (KCN),, which is experimentally observed. In the tungsten bronze family of
relaxors, an electrical field has been found to soften the lattice (Shrout 1980). The
difference in the elastic behaviour of the PMN family of relaxors and the tungsten
bronzes, can be understood by the differences in their structures. The structure of the
tungsten bronzes are prototypic tetragonal with only two ferroelectric domain states.
Consequently the interaction of the electrostrictive deformation with an applied stress
does not reveal any internal strain. PMN is rhombohedral having non-180° variants
which can contribute to an inhomogeneous internal strain if the cluster moments freeze
in a random manner.

The (220) diffraction peak for PMN-10PT at various bias levels is shown in fig. 7 (@)
and (b)at 25 and 0°C, respectively. The width of the peak decreased and the peak shifted
to lower 20 values with increasing bias. Upon removal of the field the width and the
peak position returned to the unbiased values at 25°C, but remained at the biased
values at 0°C. These results support the model of an inhomogeneity in the local strain
field which has an instability to an applied bias. The inability of the inhomogeneity to
recover after removal of the bias below the [reezing temperature gives further evidence
of the dynamical naturc of the local electrostrictive strains above T;. The shifting of the
peak position shows that a macrostrain develops from the inhomogeneous internal
strain on biasing. The shift in the peak position (A20) was approximately 0-1°
between 0 and 10 kVcem ™! The lattice strain associated with this shift can be
approximated by equating the Bragg relationships at both biases and solving for Ad/d,
as given in eqn. (3);

A sin(26y)
e= 4, =1~ sin 20, + A20) ®)

where ¢ is the lattice strain, d, and d, are the lattice constant under O and 15kVem ™!
respectively, and Ad is defined as d, —d,. Ad/d, can then be approximated as § x 10~*
which is comparable to the electrostrictive strain (Jang 1979). This shows that the large
electrostrictive strains in these materials are not due to induced polarization, but rather
to the relief of the internal strain by the development of a macrostrain. Hysteresis then
occurs in the field dependence of the strain behaviour below T;.

The 100 Hz internal friction as a function of bias at T; is shown in fig. 8. The
maximum field dependence was also found near 7;. The internal friction initially
increased until 3kVcm ™!, then decreased upon further increment of the field. The
coexistence of both dielectric and anelastic relaxation requires that the piezoelectric
response {d5,) must also be dispersive (Nowick and Heller 1965), which has recently
been observed (Pan, Gu, Taylor and Cross 1989). The maximum response and
strongest relaxation in d, were also observed near this threshold bias (3kVcm™!).
This means that at the threshold bias a small applied stress can most effectively
repopulate the equivalent variants; consequently the mechanical losses are maximum.
The threshold bias can be interpreted 1o mean that in the zero-field-cooled state
the orientations of the superparaelectric moments are not completely random,
but rather there are local configurations of moment orientations as previously
proposed from the field dependence of the dielectric response (Viehland et al. 1991). A
small bias then acts to override these configurations, enhancing the fluctuation kinetics
and the magnitude of the relaxation. It is probable that the short-range ordering in
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(a) Effective third-order elastic constant () for PMN-10PT as a function of temperature under
d.c. bias levels of 0 and SkVcm ™! where T, is the temperature of the 100 Hz dielectric
maximum. (b) Effective third-order elastic constant {a) for PM N-I0PT as a function bias
near the temperature of the permittivity maximum.
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these configurations is determined in part by the local electrostrictive str:'n
fields.Khachaturyan and Shatalov (1969) have previously shown that local strain fields
between inclusion can lead to short-range ordering of their ‘elastic dipoles’. At bias
levels above threshold, the internal friction decreased probably because of the relief of
the internal strain and the longer nature of the dipolar interactions.

The effective third-order elastic constant of PMN as a function of temperature
under zero bias is illustrated in fig. 9 (a). The maximum softening of this constant
occurred slightly below the temperature of the 100 Hz permittivity maximum. The

maximum bending of the resonance curve und-rstressat T,,,, in i -nelectrif-d state
can be estimmated to be 1 Hz (see fig. 2 (c)) which is approximately © Thi slat:
into a 1-59 decrease in the elastic encrgy by the nonlinearitics. This.  ribut: nisnot

small in consideration of the inhomogencous nature of the applied st .. It is obvious
that the elastic softening occurs when the frequency of the polarization fluctuations
ncarly coincides with the driving frequency of the a.c. stress field. The maximum elastic
soltening probably occurs when the polarization can most effectively respond to the
biasing strain. Below this temperature, the fluctuations are essentially frozen with
respect to the time scale of the measurement. The natural elast.: hardening,
consequently, is observed at higher temperatures when the kinetics of th - formation
process becomes much faster than the applied a.c. stress. The softening - the clastic
response shows that the kinetics of the internal deformation process can be driven by an
applied a.c: stress. Higher order elastic constants usually characterize the stres-
dependence of the velocity of an elastic wave and/or the nonlinear interactions between
‘elastic dipoles’ (Wallace 1970). It is proposed that the microscopic origins of the
softening arises due 1o interactions between cluster moments, both dipolar and
quadrapolar, which in part control the kinetics of the deformation process. A potential
well diagram which illustrates the effect of an applied stress along a (111) variant is
shown in fig. 10. If T< T,,,, the applied stress lowers the activation by y,; consequently
the repopulation kinetics alone the axis of the stress is enhanced an! the elastic

Fig. 10
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Potential-well diagram which illustrates th~ effect of an a.c. mechanical stres< on the activation
energy for a superparaclectric rcl.ration at various temperatures  “ere ¢ is the rms.
value of the stress and y, the change in the activation energy.
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response is soft. Iif T> T, ,, the applied stress is shown to push against the walls of the
wells; consequently the elastic response is hard. The third-order elastic constant under
5kVem™!is also illustrated in fig. 9 (a). An electrical field decreased the softening and
increzased the temperature of its maximal response. The third-order elastic constant as a
function of bias at the temperature of the permittivity maximum is shown in fig. 9(b).
The elastic response is essentially linear under 10kV cm ™ *. The reason for the decrease
in the magnitude of the elastic softening can be understood as a reflection of the
decrease in the inhomogeneity of the local strain fields on biasing. Consequently the
deformation process is less stress-sensitive and the magnitude of the softening of the
lattice under stress decreases.

The internal friction of PMN has been reported to be frequency independent
between 5 and 50 MHz (Yushin, Smirnova, Dorogortsev, Smirnov and Galayamov
1987). The internal friction of PMN at various frequencies between 100 and 50 MHz is
shown in fig. 11 (a). The maximum loss and temperature of its half maximum value are
plotted as a function of frequency in fig. 11(b). It is obvious that the kinetics of
relaxational process is temperature dependent in only the low-frequency regime,
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846 D. Viehland et al.

whereas the magnitude of the relaxation is relatively frequency indepcndent. A possible
explanation for this behaviour is that the thermal fluctuations of the local electrostric-
tive strains cannot follow above a certain frequency. Further evidence for such a
behaviour in relaxors can be found in the temperature dependence of the line
broadening of the diffraction peaks in PLZT-8-7 (Darlington 1989). These results are
illustrated in figs. 12 (a)-(¢). The broadening of the (200) peak starts near the onset of
local polarization, and sccms to saturate ncar 560 K, whereas the broadening of the
(220) and (321) peaks continuously increases ! ‘ween approximately 5¢ and 250 K.
This shows that the inhomogeneity in the si v field associated with the volume
deformation saturates when an inhomogeneity in the shear deformation ((220) and
(321) peaks) starts to develop. A possiblc explanation is that at high temperatures
near the onset of reversible polarization, the rhombohedral strain of the individual
ferroelectric distortions is largely suppressed due to their emergence in an elastically
stiff matrix. The matrix is soft dielectrically (high permittivity) so the polarization can

Fig. 12
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Fig. 13

)

TEMPERATURE —»

Diagram illustrating the proposed temperature-dependent relaxation time spectrum where G(1)
is the number ol micro-polar regions having a relaxation time t: (@) anelastic distribution,
{b) dielectric distribution.

occur, but elastically the rhombohedral variants are cubically clamped. Consequently
the strain fields associated with the volume deformation are inhomogeneous and static.
At lower temperatures, as the kinetics of the polarization fluctuations slow down due to
the build up of correlations, the polar regions may be able to lower their free energy by
deforming in a correlated manner which preserves the cubic dimensions. Inversion of
the polarization leaves the elastic environment unchanged, but the rotation of the
polarization involves rearrangements of the local elastic minima. The free energy may
then be lowered by allowing the locai strain fields to become dynamic, consequently an
inhomogeneity in the shear strain develops. The implication is that the anelastic and
dielectric relaxation time distributions do not need to be equivalent, but rather varying
differences between the two may occur as a function of temperature or frequency
depending on whether the polarization is free to deform or clamped. At lower
temperatures near T, the relaxation time distributions would be very similar. For
comparison the Vogel-Fulcher freezing temperature of PLZT-9 has been estimated as
265K which is close in agreement with the temperature of the saturation in the
broadening of the (220) and (321) peaks.

A mode! of a temperature dependent relaxation time spectrum is presented in fig.
13(a) for the anclastic response. A model previously proposed for the dielectric
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response is shown in fig. 13(b) for comparison (Viehland et al. 1990). These models are
not quantitative, but are qualitatively consistent with experimental observations. The
isothermal width for both spectra is shown to become very broad near T; with the mean
value (1,,) approaching the macroscopic time regime. Relaxation is also shown to exist
to temperatures significantly below T; as a reflection of the size dispersion of the
moments. Above 7; the isothcrmal widths of the relaxation time spectra con-
tinuously sharpen with increasing temperature. The shortest relaxation time (1,,,,) for
the anelastic relaxation is shown to approach a critical frequency (7 ,m,) at which point
the anelastically active orientations are becoming inaccessible to the polarization due
to the stiffening of the matrix. This frequency is shown to be much lower than the Debye
frequency (z,4). Upon further increment of the temperature t,, and 1,,,, are shown to
approach t,,, for the anelastic response. The maximum value of the distribution is
shown to be relatively frequency independent to reflect the weak frequency dependence
of the relaxation magnitude. The maximum value of the distribution for the anelastic
response is shown to be smaller than that for the dielectric response to illustrate the
relative magnitudes of their respective losses.

§4. CONCLUSIONS

Evidence for a Vogel-Fulcher type freezing of the anelastic response has been
found. It has subsequently been proposed that the freezing process in relaxors is
partially controlled by randomly orientated local electrostrictive strain fields. The
existence of an internal strain which decreases on biasing has been confirmed by
line broadening of the (220) diflraction peak. The frequency dependence of the anelastic
relaxation has also been investigated. It has been found that the kinetics of the anelastic
relaxation is substantially different from the dielectric relaxation at higher frequencies.
A softening of the elastic response to the amplitude of the applied stress has also been
found which was explained as a stress activation of the internal deformation process.
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Local polar configurations in lead magnesium niobate relaxors
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The field dependence of the diclectric response has been measured for lead magnesium niobate
relaxors. The frequency dispersion of the temperature of the permittivity maximum, T, , was
analyzed using the Vogel-Fulcher relationship. The field dependence of the permittivity at
various temperatures was also modeled using a phenomenological expansion in the electric
field. The activation energy and a softening of the dielectric response were found 10 be
maximum under a small bias. The freezing temperature was found to be minimum near this
same bias. These results are interpreted to mean that the moments of the polar clusters do not
freeze in random orientations, but rather locally preferred configurations of moments are
proposed to exist. Evidence is presented that the scale of these configurations is approximately
100 A. At higher biases the relaxation mechanism was shut down; consequently, the nonlinear

response was stiffened and T, increased. The nonlinear response was also found to be

maximum near the freezing temperature.

L. INTRODUCTION

Lead magnesium niobate (PMN) was the first ferro-
electric discovered which exhibited a classic dielectric relax-
ation' and consequently was designated a relaxor ferroelec-
tric. Since that time, many relaxors have been identified in
mixed oxide systems, primarily in the perovskite and tung-
sten bronze structure families. Relaxors are unable to sustain
a macroscopic polarization until temperatures significantly
below the dielectric maximum (K, ), but a local polariza-
tion is known to exist until much higher temperatures.?
These locally polarized regions are believed to have rhombo-
hedral symmetry’ and, consequently, eight equivalent var-
iants. In consideration of these findings, Cross® suggested
that the polar clusters are superparaelectric with the polar-
ization thermally fluctuating between equivalent directions.
Thedensity of the polar clusters as observed by transmission
electron microscopy®® (TEM) is high enough that collec-
tive effects between clusters may be significant. Viehland er
al.” have consequently suggested that the fluctuations have a
freezing temperature similar to spin glasses. Similar behav-
ior in which long-range polar order is in conflict with ran-
dom freezing has_ been reported in_KTa, -.Nb O0,*?
K,_,Li,T20,,' and K, _,(NH4),H,PO,." Bums and
Dacol'? and Bovton ef al.'’ have previously discussed the
similarities of PMN relaxors to dipole and spin glasses.

Relaxors are known to be strongly nonlinear materials.
The dielectric permittivity'“'* and elastic constants'*'®
have both been reported to be altered by an electric field. It is
generally believed that the nonlinearities are a reflection of
the macroscopic polarization which can be sustained by an
electric field to much higher temperatures. The polarization
is completely reversible and collapses when the field is re-
moved. Pan eral.'* have investigated the field dependence of
the room-temperature dielectric constant in PMN; they

*' Also in the Electrical Eagineering Department.
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found strong nonlinearities and a suppression of the frequen-
cy dispersion at higher biases. Xi, Zhilli, and Cross'® pro-
posed an electric-field-induced micro-macro domain transi-
tion in La-modified lead zirconate titanate with 8 at. % La
and a Zr/Ti ratio of 65/35 near the temperature of the onset
of a macroscopic polarization to account for the field depen-
dence of the dielectric response.

Spin glasses can be viewed as interacting superparamag-
netic clusters.®® These materials are characterized by a
freezing temperature at which the fluctuations of the mag-
netic moment condense and by conflicting interactions. Spin
glasses are also known to be strong nonlinear materials mag-
netically. It is generally believed that the change in proper-
ties is a reflection of an alignment of spins and an ordering of
nearest-neighbor interactions, leading to a change in the dy-
namics of the freezing process. The magnetic permittivity,?!
temperature of the permittivity maximum,?? and the onset
of irreversibility?’ have all bees. reported to be altered by
magnetic fields. The purpose of tiiis work was to investigate
the field dependence of the freezing process and the nonlin-
ear permittivity in PMN relaxors. The field dependence of
the dielectric response has been comprehensively measured

_ up to bias levels above saturation.-- - — - — -

N. EXPERIMENTAL PROCEDURE

The samples used in this study were PMN ceramics with
10at% PT (PMN-10PT). They were prepared as described
by Pan.?* The 100 Hz dielectric maximum was near 40 °C.
The samples were free of aging as described by Pan,** free of
pyrochlore as described by Swartz and Shrout,?® of dimen-
sions 1 cm X 0.5 cmx0.05 cm, and electroded with gold.
Stoichiometric aging free samples were used to avoid a po-
tential complication of the relaxation mechanism by a defect
structure.

The dielectric response was measured as a function of
frequency and temperature at bias levels 0f0,0.5, 1,2, 3,4, 5,
6,7, 8, 10, 12, 14, 20, and 28 kV/cm. The frequencies used
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F1G. 1. Dielectric constant and dissipation factor as a function of tempera-
ture at measurement frequencies of 0.1, 1, 10, 100, and 1000 kHz. The lar-
gest dielectric constant and dissipation factor are the 0.1 kHz, the smallest
are the 1000 kHz, and the other curves between are in order of increasing
frequency. (a)~(d) are at bias levels of 0, 8, 20, and 28 kV/cm respectively.

were0.1,0.2,04, 1, 2, 4, 10, 20, 40, 100, 200, 400, and 1000
kHz. Measurements were made in the temperature range of
0-150 *C by cooling at a rate of 1 *C/min. The measurements
were made using an HP4275A and 4274A LCR meters. Two
large blocking capacitors were used to protect the dielectric
bridge from possible dielectric breakdown of the sample. A
20-MQ resistor was put in series with the dc power supply so
as not to bypass the ac current from the capacitance bridge.

Hl. RESULTS

The field dependencies of the dielectric responses, both
real and imaginary, are illustrated in Figs. 1(a)-1(d) for
bias levels of 0, 8, 20, and 28 kV/cm, respectively. It can be
seen that an electric field reduces the dielectric constant,
suppresses the frequency dispersion, and increases the tem-
perature of the dielectric maximum. Also, the dielectric loss
was reduced and showed a more pronounced maximum. Un-
der larger biases, Maxwell-Wagner losses are evident at high
temperatures as shown in Figs. 1{c) and 1(d). The loss is
not shown in Fig. 1(d) above 80 °C in order to make the
graph distinguishable.

The ficld dependence of X, is shown in Fig. 2(a). The
0.1-kHz X, was approximately 15 000 under 0 kV/cm,
decreased slowly at lower bias levels, and then decreased
quadratically to approximately 1500 under 28 kV/cm. At
higher frequencies, K,,,, showed less field dependence, but
no dispersion of K., was observed above 10 kV/cm. The
field dependence of the temperature of the dielectric maxi-
mum (T, ) isshown in Fig. 2(b). The 0.1-kHz T_,, went
through a minimum of approximately 38 °C under 3kV/cm
and then increased to approximately 110°C under 28
kV/cm. Similar results were obtained for the other frequen-
cies. At higher measurement frequencies, T,,,, was less de-
pendent on the bias, but no dispersion was observed above 10
kV/cm in the frequency domain investigated.

V. DISCUSSION

The strong field dependence of the dielectric permittivi-
ty can be interpreted in terms of an alignment of the mo-
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F1G. 2. (a) Permittivity maximum (K., ) as a function of dc bias level.
The measurement frequencies were 0.1, 1, 10, 100, and 1000 kHz. The lar-
gest K,.."s are the 0.1 kHz, the smallest are the 1000 kHz. and the other

curves between are in order of increasing frequency. (b) Temperature of
permittivity maximum ( 7., ) as a function of bias level. The measurement
frequencies were 0.1, 1, 10, 100, and 1000 kHz. The lowest temperatures are
the 0.1 kHz, the highest are the 1000 kHz, and the other curves between are
in order of increasing frequency.

ments of polar clusters. The permittivity decreased by ap-
proximately an order of magnitude under a bias level of 28
kV/cm relative to 0 kV/cm. At higher biases, the sample
probably has reached saturation with nearly all moments
aligned, and consequently the diclectric response (6P/SE) is
lower. The polarization behavior for PMN-10PT has recent-
ly been modeled by modifying Néel's equilibrium equation
for superparamagnetic clusters to include an effective inter-
nal field.* A more complete understanding of the field de-
pendence of the relaxor behavior might be obtained by a
careful analysis of the kinetics of the dielectric response and
its nonlinear contribution.

The frequency dependence of the temperature of the
permittivity maximum can be modeled using the Vogel-
Fulcher relationship’?** given in Eq. (1):

_E
= PR——. S 1
o=b e""(k(Tm.. - r,)) th

where f, is the Debye frequency, E, is the activation energy,
T ax is the temperature of the permittivity maximum, and
T, is the freezing temperature. The 13 pairs of (@, 7., ) for
cach bias level below 10 kV/cm were analyzed using a Le-
venberg-Marquardt nonlinear fitting to Eq. (1) solving for
Jo, E,, and T,. The analysis was done assuming that f, was
constant at all bias Jevels. A value of 1.03 X 10'?s~ ' resuited
in minimum variance. The resultant values for E, and T, are
given in Table I along with the corresponding bias level.
Figures 3(a) and 3(b) show E, and T as a function of bias,
respectively. E, went through a maximum near 3 kV/cm
and then decreased quadratically to zero near 10kV/cm. T,
went through a minimum near 3 kV/cm and then increased
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TABLEL Activationenergy ( £, ) and freezing lemperature ( T, ) tabulated
along side the corresponding bias level.

Bias (kV/cm) E, (eV) 7, (K)
0.00 0.0407 291.50
1.00 0.0419 290.25
2.00 0.0426 289.37
3.00 0.0430 288.79
4.00 0.0425 288.85
5.00 0.0395 290.80
6.00 0.0363 293.51
7.00 0.0287 299,56
8.00 0.0217 306.20

dramatically above 10 kV/cm. The field dependence of the
permittivity was modeled with a phenomenological expan-
sion in the electric field as given in Eq. (2):

,\'(EoT) = /l'u(T) + .\'_'(’r)EZ + X's ( 'l.)E.‘ + 0, (2)
where ¢(T) is the zero-field permittivity, y, (T) is the sec-
ond-order nonlincarity, and 7, (7 is the fourth-order non-
linearity. The fitting of the data is shown as the solid lines in
Figs. 4(a)-4(d). and the experimental data as the solid ¢ir-
cles. vy and y, asa function of temperature at measurement
frequencies of 0.1 and 100 kHz are shown in Figs. 5(a) and
5(b), respectively. Both nonlinear components had anoma-
lous behavior ncar 15 °C, which is close to T,,. The second-
order nonlinearity was positive (soft) near T, but became
negative (stifl) at higher and lower temperatures. The
fourth-order nonlinearity was soft above 60 °C and became
still at lower temperatures. Similar results were obtained at
the other measurement frequencies, but are not shown in
order to make the graph distinguishable. The magnitude of
both nonlinear components decreased with increasing fre-
quency.
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F1G. 3. (a) Activation energy ( F) as a function of bias level. (b) Freezing
temperature ( 7, ) asafunctionof buas level. £, and 7, were calculated using
Eq (1)
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The strong decrcase in £, indicates that a large dc bias
shuts down the relaxation mechanism. The electric field may
split the degencracy of the eight equivalent rhombohedral
states and significantly change the depths of the potential
wells. As a consequence, the polarization can no longer ro-
tate between neighboring directions near this “‘pinch-off.”
The degeneracy of the variants is not split in normal ferro-
electrics because, before the required field level is reached,
domain wall motion sets in. The field dependence of £, for a
rotation of the magnetic monient of a superparamagnetic
cluster was derived by Néel.'* A similar expression in terms
of the electric field for a superparaelectric cluster is given in
Eq. (3):

E, =1:u(0)(| ii)“. 3
E
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FIG. 5. (a) Second-order nonlinear dielectric response (), ) as a function
of temperature where 7 is the freczing temperaturc. (b) Fourth-order non-
lincar dielectric response () as a function of temperature. Both figurey
show data for measurement frequencies of 0.1 and 100 kHz.
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where Eis the applied field. and E, is the anisotropy field. .,
can be approximated as 2E, (0)/P, . V"' where P, is the
local polarization, and V is the cluster volume. E,(0) was
0.0407 eV, and the cluster diumeter of PMN has been report-
ed to be between 2 and 5 nm.** The mean cluster diameter
can be assumed to be the average of these two values, and
assuming spherical regions, the volume can be approximated
as 2.5 X 10 - ®cm*. The local polarization has been found to
be approximately 0.25 C/m*,* and E, can then be estimated
as 22 kV/cm. The fluctuation frequencies at 40 °C under 10
kV/cm for the O°, 70°, 110°. »nd 180" variants are then
2x10°% 0.5, 25X 10% and 1.5X 10" Hz, respectively.
Some relaxation may be detected due to rotations between
the 110° and 70° variants it measurement frequencies above
100 kHz, but the population of these states is relatively
small. The average relaxation time under 10 kV/cm, then, is
so Jong compared to the half-cycle of the measurement that
the system is essentially kinctically frozen. This model can
qualitatively descril» - the shut d» - the relaxation mech-
anism, but it predict :fsat /-, sho -rease significantly at
low bias levels. The mcasured E, .. tually increased until a
threshold bias.

To more accurately describe the field dependence of £,
the effect of cluster interactions ne -ds to be included. Inter-
actions have recently been accounted for by including an
imernal field.** The internal field was treated 2+ a macro-
scopic average, but - ore will also be local .+ <ole fields
between clustermv- «isin the unclectnib--d stat which are
probably random!s auientated as evidene ! by a lack of mac-
roscopic polarization and anisotrapy. Onc of the effects of a
local field will be to change the depths of the potential wells
and to make them dependent on the configurations of -
boring clusters. A possible explanation of the maxin: '
E, at 3 kV/cm then is that the sample becomes internally
biased by finding locally preferred configurations of mo-
ments. Under a small clectric field. then, a threshold is
reached where on the global average the difference between
the potential minima is smallest. Assuming that the local
internal biases have a nct direction along one of the rhombo-
hedral orientations the 0°, 70°. 110°, and 180° variants are
lowered by AE,. AE, cos 70, AE, cos 110, and — AE,, re-
spectively. The average rclaxation time (7,,.) can be ap-
proximated by a statistic .- average over the entire set of re-
laxation times if the sphtting of the degeneracy is much
smaller than E,. An approximation for 7,,.. is given in Eq.
(4):

f,,I ( E, 4 AE, )+ ( E, — AL, )
r'lvl‘ = ex PN ex T T
: L P KT —T) P MTow =T

+3 (E,, + AL, cos 70")
exp — -
I\( , T r;)

E, — AE, cos 70‘)]
k( 7‘11\:11 h Tf) ‘

(4)

+3 exp(

where E, is the activation energy under 3 kV/cm, at which
point E, was maximum and presumablv the energy differ-
ence between the variants smallest. Equation (4) was mod-
eled using a 1 -ar analysis program solving for AE,,
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which yielded a value of 0.005 eV. The analysis was done
simultaneously for all measured frequencies under zero bias
in order to obtain the best estimate.

The decrease in T, and the softening of the dielectric
response can be understood in terms of an enhanced fluctu-
ation kinetics under sm I biases. The magnitude of y, and
AT. were small, whicl 1s undoubtedly a reflection of the
sn: M value of AE,. An approximation for an internal bias in
the unelectrified state cun be obtained by setting AE, equal
to an electrical energy as given in Eq. (5):

‘Edlpluc:ll V= AEu’ (5)

wi - - E, isaniaternal bias. E,, is not the mean value of the
ran-’ - dipole field. but ratler reflects the dependence of E,,
on tiw configurations of Horing moments. and P,
were approximated abovc as 25X 10 ™ cm' and 0.25
C/mv’, respectively. E,, can then be estimated as 2.5 kV/cm,
which is nearly equal to the field level at which y was maxi-
mum and 7, minimum. This indicates that the maximum
softening of the dielectric response and minimum 7, may
occur at a threshold field which overnides the local configu-
rations. The loc it dipole fields may tend to locally align the
cluster momen®  consequently slowing down the fluctu-
ations, Hthe: - of th- ' —al configurist s 1s small, the
preferred alignment wi Crage out . Q4 Macroscopic
scale, but the effect on - {luctuation kinetics will not. A
small applied bias adjusts the potential wells and on a global
average decreases AL, consequently, the fluctuation kinet-
ics are enhanced. The maximum softening and minimum 7,
then occur« when the potential variants are closest 1o being
equivaler

A po well m- " i which describes the field depen-
dence of t! ovaler  tiantsisshownin Figs. 6(a}-6(c).
Figure 6(a) 1cpresent. tne unbiased state and iflustrates that
the degeneracy of the equivalent variants is inherently split.
The splitting energy is shown as AE. Figure 6(b) represents
the average potential well under 3 kV/cm. This figure shows
that the variants are essentially all of the same depth. At this
peint the moment can most readily access all variants. Fig-
i~ 1./¢) shows the av.  ~e potcntial well near *“pinch-oft”
v the rela ation + hanism has « «cntially been shut
« - This figv: - shov  that the varii: - antiparallel to the
ficid has been raised by nearly £, and the variant parallel to
the field lowered by E, .

The glassy nature of relaxors in the unelectrified state
probably arises due to the random dipole fields between clus-
ter moments. 1f the dispersion in the local dipole field is of
the same order as the mean Jocal field, then the macroscopic
system may try to partially order the cluster moments. If the
mean local field cannot override the inhomogeneity, a global
equilibrium cannot be established. Vugemeister and Glin-
chuk'' have proposed a dipole interaction theory for strong-
ly polari. It solids with soft phonon modes. The prediction
of this th-.ny is that if Nr!3 1, then the dipoles will favor a
ferroelectric ordering, and if Nr, €1, then the dipoles will
freeze randomly, where N is the dipole density and r_ is the
correlation radius. N can be aj v oximated as V,/V, where
¥V, is the volume fraction of the polar clusters. V, is not
known precisely. but will be roughly estimated here as | from
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F1G. 6. Diagram illustrating the proposed potential-well model which de-
scribes the field dependence of the dielectric response. £, is the activation
energy, AE is the inherent zero field splitting of the equivalent variants. and
E, is the activation energy, at which point the energy difference between the
variants is smallest. (a)-(c) are for dc bias levels of 0, 3, and 10 kV/cm.

TEM micrographs.*® The correlation length has been found
tosaturate near freezing at 200 A2 and the correlation radi-
us may be approximated as 100 A. N7} can then be estimated
for PMN as 10. This indicates that relaxors are not ideal
dipole glasses, but have some tendency towards ferroelectric
ordering of the cluster moments. This ordering obviously
does not go to completion: the macroscopic system may in-
stead establish preferred configurations of orientations of
cluster moments. Below 7 the macroscopic system is stuck
in these configurations and cannot establish a normal polar
state. The implication is that relaxors freeze into configura-
tions which have a texture on the nanometer scale and that
this texture is the *“precursor” to long-range polar order of a
macrodomain state. The scale of these configurations below
T, can be assumed to be approximately the same as the maxi-
mum correlation length. This scale is such that on a global
average the preferred alignment averages out, and no macro-
scopic polarization or anisotropy is observed.

Locally preferred configurations could arise by the mac-
roscopic system balancing the configurations of nearest and
next-nearest cluster moments. The local effect may be that
the potential minima of the variants are split by dipole-di-
pole interactions in such a manner that on a global average
the 0" variant is lower for nearest-neighbor configurations
and the 70" or 180" variant is lower for next-nearest-neighbor
configurations. The macroscopic system may minimize its
frustration by partially satisfying the drive for an ordering of
the moments. It is generally believed that spin-glass behavior
is a reflection of competing interactions which lead to freez-
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ing. 1he imphication s that the freezing in relaxors may oc-
cur when the correlation length reaches a value where polar
clusters have multiple neighbors which are mutually polar-
izing. Other nanoscale interactions could lead to freezing in
relaxors, and in fact recent results indicate that the freezing
in PLZT could be due in part to strain fields.

The results suggest that there may be a hierarchy of
relaxation processes associated with a complex phase space
having many local energy minima associated with different
configurations of moment orientations. The splitting of the
degeneracy of the equivalent variants can serve as a driving
force for a subsequent search for an optimum configuration
suppressing the fluctuation kinetics. The cluster moments
may then be able to relax below 7, when the moments of
neighboring polar clusters are in certain improbable configu-
rations. The implication is that the relaxational process is
not truly stochastic in that the “random walk” has favored
local minima which drives the relaxation. The measured val-
ue of AE, should be slightly different for measurements
made on heating as compared to cooling, and in fact the
dielectric response has been found to be different.'® At the
start of a cooling run, the moments may be thermally rando-
mized, destroying the local configurations, whereas on a
heating run the initial state is not disturbed. The low-fieid
aging of the dielectric permittivity in PMN?* can also be
interpreted using this model. The aging occurs over long
time periods near the maximum in the permittivity. The re-
laxation time of the aging process is much longer than that of
the polarization fluctuations at this temperature, indicating
that there is a hierarchy of mechanisms. Defects may be able
to significantly change the optimum configuration, and con-
sequently the permittivity decreases with time because the
kinetics of the fluctuations are suppressed as more favorable
configurations are found.

At biases above 3 kV/cm, the dielectric response be-
came stiff, which indicates that the fluctuations are slowed
down by large electric fields. The maximum nonlinearites
occurred near 7, which is close to the temperature where
the remanent polarization collapsed.” It is perhaps logical to
anticipate the nonlinear response to be optimal at this point
because an electric field can most effectively repopulate the
orientations of the moments in its direction. Consequently,
the randomness of the dipole fields between cluster moments
would be unstable to an ordering field which would effective-
ly give a nonlinear feedback to the dielectric response. At
bias levels above pinch-off, 7, and T, increased rapidly,
approximately 80 °C between 10 and 28 kV/cm, and seemed
to be saturating at the highest bias levels. The correlation
length is known to be field dependent.’? As the correlation
length increases, the effective cluster volume increases, and
consequently the interactions between polar clusters are
longer range and the kinetics of the fluctuations are slower.
At bias levels above the point where the fluctuations have
condensed, the electrification may override the chemical in-
homogeneity which normaly prevented long-range polar or-
dering. T, then approaches the value of the homogeneous
state. Near saturation, the correlation length may reach the
macroscopic scale, and T,,,, saturates. The glassy character
of relaxors is then destroyed by a large applied electric field
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which orders the local dipole fields and establishes a global
equilibrium.

V. CONCLUSION

Evidence for local configurations of the moments of po-
lar clusters in PMN relaxors was found. A small applied
field is believed to override these configurations, enhancing
the kinetics of the polarization fluctuations. Large biases are
believed to order the local dipole fields between cluster mo-
ments, destroying the dipole-glass character of relaxors.
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The static polarization of lead magnesium niobate has been studied using a standard Sawyer-
Tower circuit. The square-to-slim-loop hysteresis transition was phenomenologically modeled by
modifying Néel's equation for the magnetization of a superparamagnet to a similar relationship for
a superparaelectric. A temperature-dependent internal dipole field was included to account for
cluster interactions. The slim-loop polarization curves were found to scale to E/(T — T/}, where E
is the electric field and T, the freezing temperature. A glassy character was subsequently proposed
to exist in the zero-field-cooled state with local dipole fields between superparaelectric moments
controlling the kinetics of the polarization reversals and the freezing process. Recent quasielastic-
neutron-scattering results have been interpreted to support this model.

1. INTRODUCTION

Lead magnesium niobate is a dispersive ferroelectric.
It is characterized by a relaxation of the dielectric per-
mittivity, and an inability to sustain a macroscopic polar-
ization for temperatures significantly below the permit-
tivity maximum (T, ). Burns and Darol"? have shown
that a local polarization exists for temperatures far above
T ... indicating that the local symmetry is lower than the
global. Randall er al.’> and Chen, Chang, and Harmer*
have shown in Pb(Mg, ,;Nb,1)O; that there is a parti-
tioning on the nanometer scale into clusters which are
chemically ordered and disordered. Cross® suggested
that the size of these clusters is such that the polarization
may be thermally reversible, analogous to super-
paramagnetism.® He has recently proposed that a cou-
pling between polar clusters controls the kinetics of the
polarization fluctuations and the development of frustra-
tion near the freezing temperature (T,), similar to spin
glasses.’ T, was determined by analyzing the frequency
dispersion of T,,, with the Vogel-Fulcher relationship
and was shown to agree with the temperature at which a
stable remanent polarization collapsed. Similar phenom-
enological modeling has been used in spin glasses.®’

In the zero-field-cooled (ZFC) state the structure of
Pb(Mg, ,;Nb, /;)0, appears cubic indicating that the scale
of the polar behavior is smaller than the coherence length
of x-rays; however, in the field-cooled (FC) state the
structure appears rhombohedral. Optical microscopy re-
veals no domain structure in the ZFC state, but normal
micrometer-sized domains are observed in the FC state.
Cross'® has investigated the field dependence of the
dielectric and elastic responses. He found the maximum
nonlinearities near T,. Bokov and Myl’ nikova'' and
Smith'? have previously investigated the static polariza-
tion. They found a large hysteresis at lower tempera-
tures, but with increasing temperature it decreased; i.e.,

4

the so-called square-to-slim-loop transition.

Spin glasses are magnetic systems that cannot establish
long-range magnetic ordering in the ZFC state due to
some form of a chemical or structural inhomogeneity.
The glassy behavior is believed to arise due to competing
interactions between magnetic moments resulting in a
freezing of the magnetization reversals below a charac-
teristic temperature (T,). Freezing has been shown to
occur due to random fields between clusters'>'* and a
competition between ferromagnetic and antiferromagnet-
ic exchanges.'*'® The FC state exhibits behavior resem-
bling a normal ferromagnet below T, i.e., irreversibility
and hysteresis.'’

11. EXPERIMENTAL PROCEDURE AND RESULTS

The samples used in this study were PbiMg, ;Nb, ,;)0;
ceramics with 10 at.% PbTiO,. They were prepared as
described by Pan, Jiang, and Cross.!®* The samples were
free of aging,'® were free of pyrochlore as described by
Swartz and Shrout,'® were of dimensions 1X0.5X0.03
cm’, and were electroded with gold. The hysteresis loops
were measured as a function of temperature using a stan-
dard Sawyer and Tower circuit. Measurements were
made between 150 and —50°C on cooling. The samples
were allowed to equilibrate for 30 minutes at each tem-
perature. The cycling frequency was 50 Hz, and the
maximum bias applied was 20 kV/cm. To decrease the
low frequency impedance, a large capacitance (10 uF)
was placed in series with the sample.

Static polarization curves are shown in Figs. 1(a)-1(d)
at measurement temperatures of — 50, 10, 50, and 110°C,
respectively. The experimental data are the closed cir-
cles, and the solid line is a phenomenological model,
which will be presented. The square-to-slim-loop hys-
teresis transition is evident in the figures. The polariza-
tion behavior became hysteretic near and below T ,..
The saturation polarization was approximately 20 C/m’
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FIG. 1. Polarization curves at various temperatures. The solid points are the experimental data and the solid line is the curve
fitting to Eq. (2). (a)-(d} are at measurement temperatures of — 50, 10, 50, and 110°C, respectively.

at Jower temperatures. It was not possible to drive the
sample into saturation at higher temperatures because
breakdown occurred. Abave 25°C the remanence was so
small that determination of the coercive field was
difficult, but at lower temperatures it increased rapidly.

IH. DISCUSSION

In systems consisting of nanometer-scale ferromagnetic
or ferroelectric clusters the thermal energy of the particle
can strongly influence the macroscopic magnetic or polar
properties. These clusters are designated as super-
paramagnetic or superparaelectric, respectively. The
magnetic behavior with no anisotropy can be described
by a Langevian function, but real systems have an anisot-
ropy that acts as an energy barrier for reorientation as
"originally proposed by Neel.* The polarization behavior
of an ensemble of uniform nominteracting clusters having
uniaxial symmetry can be described by

T tn

p =tanh

where p is the reduced polarization, E the electric field, P
the moment of the cluster, and AT the thermal energy. A
consequence of Eg. (1) is that the polanization curves at
different temperatures should superimpose when plotted
against E /T, the analogous behavior has been observed
for numerous superparamagnets.”” > The implication of
the superposition is that at higher temperatures it takes
more electrical energy to align the moments against the
thermal energy. The slim-loop hysteresis curves of
PbiMg, \Nb,,,)0, with 10 at. % PbTiO, did not super-

impose when plotted against E/T as shown in Fig. 2, p is
obviously more strongly temperature dependent. This
may be a reflection of interactions between polar regions.
Interactions might be accounted for by including a phe-
nomenological freezing temperature. T, has been previ-
ously estimated as 18°C for PbiMg,,;Nb,,1)O; with 10
at. % PbTiO,.” The polarization curves plotted as a
function of E /(T —T ) are shown in Fig. 3. It is obvious
that the polarization curves nearly superimpose.
Interactions between superparamagnetic clusters have
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FIG. 2. Reduced polarization plotied as a function of the

temperature normahzed elecine field at various temperatures.
The arrom visually Hustrates the direction of increasing tem-
perature. The polarization curves shown are at temperatures of
1% 48, 54,5969, 86. 110°C
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FIG. 3. Reduced polarization at various temperatures plot-
ted as a function of E/(T —T,) where T is the freezing tem-
perature. The polarization curves shown are at temperatures of
39, 48, 54, 59, 69, 86, 110°C.

been reported to alter magnetization curves. Local inter-
nal Lorentz fields have been used to obtain an under-
standing of the magnetic behavior in these systems.?>2*
A relationship for a superparaelectric cluster having
rhombohedral symmetry including an internal dipole
field follows:

it | PAE+ap)
_ kT
P(E +ap) P cosTO(E +ap) |
cosh kT +3cos XT

2)

where p is the reduced polarization, and a the internal
field. The hysteresis curves were modeled by a nonlinear
least squares fitting to Eq. (2), shown as the solid lines in
Figs. lta)-1(d). The fitting was done by allowing the
temperature changes to be absorbed by a. P can be ap-
proximated as PgV, where Pg is the saturation polariza-
tion and -V the chxstcrwolume Py 15 approximately 20
C/m?, and the cluster diameter has been found to be be-
tween 20 and 50 A.>* Assuming an average diameter of
35 A, P can be estimated as $X10~2° Cem. A normal-
ized internal bias (y =Pa/kT) as a function of tempera-
ture is shown in Fig. 4. The reduced remanent polariza-
tion (p,) can be approximated by setting E =0 in Eq. (2).
Nonzero solutions for p, will only exist when y >4,
which cccurred between 10 and 20°C. p, as a function of
temperature is shown as the inset of Fig. 4. The tempera-
ture dependence of p, was calculated by using the experi-
mental values for y, but close to 7, y was determined by
interpolation. These results are consistent with the ex-
perimental potarization.”!!
The magnetization and polarization of spin and dl?O

glasses are known to be irreversible below 7,.'"?
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FIG. 4. Reduced internal field (y =Pa/kT) as a function of
temperature where 7T is the freezing temperature. The inset
shows the reduced remanent polarization (p,) as a function of
temperature as calculated from Eq. (3).

The irreversibility is believed to arise due to the onset of
nonergodicity. In pamcular if Sawyer-Tower measure-
ments are made hystersis is observed.'”?” This hystersns
has been shown to decrease with temperature,?® some-
what similar to Pb(Mg, ,Nb,;)0;. The scaling of the
polarimﬁon to E/( T-Tf) in Pbmg,,;sz,-_;)OJ with 10
at. % PbTiO; is strongly suggestive of a glassy mecha-
nism, whereas the polarization equation of state was de-
rived for a rhombohedral superparaelectric moment.
Binder and Young'® have suggested that interacting su-
perparamagnetic moments should be treated as spin
glasses. It is proposed that the polarization of the relaxor
is glassy due to interactions between superpanelcctric
moments. In the ZFC state, the lack of macroscopic pe-
larization indicates that the moments freeze into random
orientations devoid of long-range order. Local dipole
fields may try to polarize neighboring moments over a
distance of a correlation length, as illustrated in Fig. 5.
But if the dispersion in the fields is larger than the aver-
age field, long-range ordering is impossible. In the FC
state the moments freeze into ordered configurations,
characteristic of a normal ferroelectric. A somewhat
similar superparaelectric glassy model has been proposed
__forK,_,Li, TaO, for x =0.026.% o

®
200 A "

E
{

0.0

g ‘

Polor cluster

# Fluctuations coupled
# Glossy character

FIG. 5. Proposed model for freezing in Pb{Mg, ,Nb, )0,
where E is a local internal dipole field that acts to couple the
polar clusters. The open circles represent the polar clusters.
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FIG. 6. The correlation length as determined by quasielastic
neutron scattering as a function of temperature where T, is the
freezing temperature. This data is taken from Vakrushev.? The
inset shows the modeling of the frequency dependence of the
temperature of the dielectric relaxation with the Vogel-Fulcher
relationship where the solid points are the experimental data
and the solid line is the curve fitting.

Recent quasielastic neutron scattering (QES) results?’
on Pb{Mg, ,;Nb,,3)O; revealed a temperaturc dependent
correlation length (A) similar to spin glasses,”® shown in
Fig. 6. Near 400 K, A was 50 A, which is a?proxlmately
equal to the cluster size observed by TEM.*> In the tem-
perature interval below 225 K, A was nearly temperature
independent with a maximum value of 200 A. This data
can be interpreted to support the hypothesis that relaxors
are interacting superparaelectric moments. The scale of
A supports the argument that the glassy character arises
due to random fields between moments on the mesoscopic
level. The agreement of A with the average size of the
clusters at higher temperatures supports the argument
that the moments are decoupled from each other behav-
ing as ideal superparaelectrics. On cooling A increased
supporting the model of a temperature-dependent inter-
nal field that couples the moments more strongly. For
comparison T, has been estimated to be 217 K by analyz-
ing the dispersion of T,,,, using the Vogel-Fulcher rela-
tionship, shown as the solid line in the inset of Fig. 6.
This is close in temperature to the saturation of A, a
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strong broadening of the relaxation time distribution,™
and the collapse of the remanent polarization. This indi-
cates that the saturation of A at 200 A may occur by the
system freezing into local configurations of moment
orientations, possibly by balancing the average orienta-
tion of nearest and next-nearest neighbors effectively
compensating the local polarization.

Various reasons have been proposed to explain the ex-
istence of short-range order in dipolar glasses. The glassy
behavior in K,_, Li, TaO, is believed to arise by a cou-
pling of the Li defect structure to a soft mode lowering
the local symmetry and stabilizing ferroelectric clus-
ters.’>** In KCI:OH™, OH ™ dipoles are believed to exist
that have six orientations; local dipole fields are believed
to couple the moments resulting in glassy behavior.**
The low-temperature phases of RbLH,PO, and
(NH,JH,PO, are ferroelectric and antiferroclectric, re-
spectively; frustrated interactions are believed to lead to
glassy  behavior in  their  solid solution.*
Pb(Mg, ,;Nb, ;)0 is probably a normal ferroelectric that
cannot establish long-range polar order due to gross inho-
mogeneities, i.c., the partioning (phase separation) on the
nanometer scale.>® Local polarization may form where
allowed by this “fossil chemistry” via local ferroelectric
transitions; dipole fields between moments then subse-
quently lead to glassy behavior.

IV. CONCLUSION

Static polarization curves for Pb(Mg; ,;Nb, ;)O0; were
parametrized using a superparaclectric model that in-
cluded an internal dipole field. Local randomly orientat-
ed dipole fields between superparaelectric moments are
believed to exist in the zero-field-cooled state leading to a
freezing of the polarization fluctuations. A dipole glass
model for relaxors was subsequently proposed.
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ABSTRACT

Ferroelectric properties, electrooptic properties, and the polarization mechanisms of the
tungsten bronze ferroeloctric lead barium niobate Pb,,Ba,Nb,Og (PBN(1-x)%) solid solution
system with cinphasis ou the morphotropic phase boundary (MPB) compositions (1—x~0.63) are
the primary contents of this thesis. This study is directed toward (i) the potential applications of
the PBN single crystals of the 1norphotropic phase boundary compositions as electrooptic devices
and (ii) the improved understanding of the polarization mechanisins in lead-containing tungsten
bronze ferrouelectric crystals near a morphotropic phase boundary.

Ferroelectric single crystal and ceramic sainples of Pb,,Ba,Nb;Og (0.25<1—x~().84) were
prepared and examined duriw this thesis work. Single crystals were grown by the Czochralski
method. 1t is shown that in the Ba.rich PBN (prototype ;.cint symmetry 4/mmm) the
polarization vector is along the c-axis, while in the Pb-rich side of the phase diagram, the
polarization vector is in the a-b plane parallel to the < 110> direction. However, over the range
where the 1'1:Nb,Ug content is 60 i. 66 mole percent, it is ¢ A from the X-ra- -tudies that the
two structures coexist in polycrystalline samples and appewa nearly equal in ratio at 63 mole
percent of PbNb,OQ4 Dielectric constant maximum and the ferroelectric-paraelectric phase
transition temperature minimum are observed at the morphotropic phase boundary composition
where 1-x=0.63.

Ferroelectric phase relations for the PbNb,04-BaNb,04 solid solution system are studied by
measuring the dicicctric and the thermal expansion properties. [Ferroelectric-paraelectric phase
transition in Ba-rich composition (ferroelectric 4mm « paraelectric 4/mmm) is found to be
diffuse near-second order type with small thermal hysteresis. Ilowever, the phase transition in
Pb-rich compositions (ferroelectric m2m « paraelectric 4/mmm) is predominantly diffuse first

order type with large thermal hysteresis (~30°C). Thermal hysteresis is more pruminent in
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compo'sitions near the morphotropic phase boundary. It is found by using high temperature X-
ray diffraction that in single crystal PBN61.5 two phase transitions take place. The lower
temperature phase transition (at ~125°C) corresponds to the phase transition across the MPB
between the orthorhombic m2m and the tetragonal 4mm phases and the higher temperature phase
transition (at ~290°C) is the ferroelectric-paraclectric phase transition between tetragonal 4mm
and 4/mmm phases. Very large thermal hysteresis (~70°C) is observed for the lower temperature
phase transition. The phase diagram of PBN solid solution is updated by including our
experimental data into the previously reported phase diagram (Subbarao 1959) with a curved
morphotropic phase boundary into the Ba-rich side between ferroelectric m2m and ferroelectric
4mm.

A qualitative thermodynamic model is suggested to account for the large thermal hysteresis
observed at the phase transition across the MPB. Such a model is also useful in understanding
the phase transition induced by an electric field. Very large thermal hysteresis observed for the
phase transition near the morphotropic phase boundary is an indication that the two ferroelectric
phases are very similar in their free energies.

Low temperature (10~300K) dielectric and pyroelectric properties of morphotropic phase
boundary PBN ferroelectric single crystals have been investigated and characterized to understand
the strong “Debye-like” dielectric dispersion along a nonpolar direction (perpendicular to the
polarization direction) by using dielectric spectrum techniques and a direct charge measurement
method, respectively. Significant dielectric relaxation phenomena have been encountered for
MPB PBN single crystals in nonpolar directions at low temperatures (T < 210K) and over a broad
frequency range (103~105Hz). A small “frozen-in” polarization component has been detected in a
nonpolar direction at corresponding temperatures. There is no evidence found for ferroelectric
phase transitions at low temperature in the PBN system. The low temperature relaxation effects
can be successfully explained by the concept of internal-reorientation type polanzation

perturbation and a thermally agitated local dipole fluctuation model.
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Obtic and electrooptic properties of PBN single crystals are studied by using various
techniques. Preliminary study using ellipsometry technique on the dispersion behavior of the
PBN crystals shows the crystals are transparent in the visible range without noticeable absorption
bands.

By studying the conoscopic interference pattern and the transition temperature dependence
on the bias electric field, it is demonstrated for the first time that an external electric field can
induce ferroelectric phase switching in the morphotropic phase boundary compositions from one
ferroelectric phase to the other. One of the most interesting results is that the electrically
controlled optical bistable states are possible to obtain in MPB PBN single crystals.

Optic indices of refraction have been measured using the minimum deviation technique to
reveal the details of a morphotropic phase transition in a single crystal. Optical birefringence as a
function of temperature has been measured using different techniques, particularly the Senarmont
method, and has enabled the calculation of RMS value of spontaneous polarization which is
otherwise difficult to obtain for PBN single crystals of high transition temperature (> 270°C).
The highest spontaneous polarization evaluated in this way for morphotropic phase boundary
composition PBN61.5 is of the value 47uC/cm? at room temperature.

Transverse linear electrooptic coefficients and half-wave voltages have been measured for
different PBN compositions. Morphotropic phase boundary compositions show both high r. and
tey coefficients (ra=311x10'2 V/m, r;=862x10"2 V/m in PBN6L.5), primarily because the
dielectric constants perpendicular and parallel to the c-direction are both large and insensitive to
temperature. In the ferroelectric tetragonal phase, the transverse electrooptic coefficient 1y,
(rs)=1524x10-'2 V/m in PBNS7) is large and in the ferroelectric orthorhombic phase the r,
(re2=216x1012 V/m in PBN6S5) is large. Both can be attributed to the large transverse dielectric

constants.
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ﬂe g-cocfficients were derived from the electrooptic measurements including half-wave

voltage and the birefringence. Positive g,, = 0.0603m*/C° and negative g,, = ~0.0152m"/C° are

obtained, in agreement with theoretical predictions. Qverall, the g-coefficients are smaller than
Pb-free perovskites, indicating considerable electronic polarization contribution from Pb2+,

Preliminary study on the electrooptic response behavior of PBN single crystals shows that
PBN has fast electrooptic response of the order ~100nsec (Jt;o90 = 50nsec has been obtained) and
is therefore a potential candidate for electrooptic modulator applications.

The transmission electron microscope study reveals the manner in which the polarization
manifests itself in the various ferroelectric symmetries. There exist only 180° ferroelectric domains
in tetragonal 4mm; in orthorhombic m2m, both 90° twin-like domains and 180° domains in the
a-b plate are present. The domain microstructures are deduced for PBN compositions across the
phase diagram. TEM study in the temperature range from -180°C to ~80°C revealed the presence
of incommensurate ferroelastic domains in PBN solid solution similar to those discovered in the
other tungsten bronzes BNN and SBN. The degree of incommensurability varies with
temperature and compositions. These incommensurations exist at room temperature in both
tetragonal and orthorhombic ferroelectric phases; however, the discommensuration density is
much lower and better defined on the orthorhombic side of the phase diagram. The large thermal
hysteresis at the ferroelectric-paraelectric phase transition in a Pb-rich orthorhombic composition
can be understood by taking the incommensurate phase transition into consideration. The
discommensuration structures, however, seem to be independent of the ferroelectric domains in
the m2m phase, which indicates that the lock-in phase transition takes place at a higher
temperature than the ferroelectric phase transition.

In general, the dielectric constant, pyroelectric coefficients, and linear electrooptic cocfficients
arc found to be enhanced near the MPB compositions. The transverse linear electrooptic
coeflicients (r5; = 1524x10-12 V/m for PBNS7) are among the highest known in oxide ferroelectric

materials (e.g., r5; = {600x10-'2 V/m in BaTiO,). More importantly, in the morphotropic phase
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boundary compositions, the enhanced physical properties are relatively temperature insensitive at
ambient temperatures (much lower than their Curie temperatures), which is of great advantage for

electrooptic and photorefractive device applications.
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The temperature dependence of the pyroelectric coefficients of lead barium niobate Pb, . Ba,Nb,O,
(PBN) single crystals were investigated using the Byer-Roundy technique. Pyroelectric coefficients were
found to be enhanced in single crystals of the near-morphotropic phase boundary (MPB) compositions.
High pyroclectric coefficients (336 pCrm*-K. 1 ~ x = 0.684) and switchable polarization vectors between
the two perpendicular crystallographic directions ([001] and {110]) in crystal of near-morphutropic phase
boundary composition (1 — x = .615) were found to be of interest for pyroelectric device applications.

INTRODUCTION

A most interesting solid solution in the family of tungsten bronze ferroelectrics is
that between PbNb,O, and a hypothctical end member BaNb,O,. namely, lead
barium niobate. Pb, _,Ba,Nb.O, (PBN{1 — x]%).'-7 Ferroelectric PBN has re-
cently regained its intriguing importance because it is a lead-containing tungsten
bronze type ferroeiectric relaxor with a morphotropic phase boundary (MPB) and
has potential in clectrooptic applications. The morphotropic phase boundary in
this solid solution system separates a tetragonal ferroelectric phase 4mm (with
polarization vector along (001)) and an orthorthombic ferroelectric phase m2m
(with polarization vector along (110)).% Since there is no coupling between the
fourfold (JOU1]) and the twofold ((100) or (110)) axes in the prototype 4/mmm
tetragonal symmetry, the two polarization modes adjacent to the morphotropic
phase boundary are unrelated and have separate Curie-Weiss temperatures as well
as distinct ferroelectric characteristics. Large dielectric,® piezoelectric,’ and py-
roelectric (in polycrystalline samples by Lane et al.)" properties of PBN compo-
sitions were reported and enhanced properties in near the MPB compositions were
expected.

The earlier research (before 1980s) on PBN were based on measurements on
the polycrystaliine ceramic form, primarily due to the lack of single crystals. It was
reported that pyroelectric coefficient p showed sharp maxima at compositions close
to the morphotropic phase boundary' with p = 270 pC/m2-K (measured by ra-
diation heating method) for Pb, ,Ba,, ;,Nb,O¢ ceramic sample. Pyroelectric coeffi-
cients of PBN single crystals of several compositions were also reported’: however,
the pyroclectric properties in relation to the MPB and the crystallographic phase
transition have not yet been studied.

A comprehensive investigation of the phase relations and the polarization mech-
anisms of PBN solid solution in the near morphotropic phase boundary composi-
tions has been carried out by this group.!’ It was discovered that close to the
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morphotropic phase boundary in a Pb-rich composition (1 — x = 0.615) the sample
actually goes through a phase transition (at T ~ 125°C via heating) from the
ferroelectric orthorhombic phase to the ferroeiectric tetragonal phase during which
the polarization axis switches from the (110} dircction to the c-axis. A PBN phase
diagram is shown in Figure 1 in which a curved morphotropic phase boundary into
the Ba-rich side is indicated.'' It was also demonstrated optically that such mor-
photropic phase transition can be induced electrically.'? This behavior of the sample
should be studied in view of its pyrocelectric properties to further understandings
of the polarization mechanisms and the potential applications of the PBN single
crystals.

In the present paper the results of pyroelectric property study will be reported
and interpreted in refation to the crystallographic structure and phase transitions
of the PBN solid solution system. High remanent polarization and pyroelectric
coefficients in compositions near the MPB were found to be particularly intersting
for pyroelectric device applications.

SPECIMEN PREPARATION

Single crystal specimens used for this investigation were preparcd by the Czochralski
pulling technique. Starting from high purity chemicals, the charge was heated in a
Pt crucible by RF induction heating to the melting temperature. Crystal was with-
drawn at a rate of 1 to 2 mum/hour along with rotations of crucible (at —35 rpm)
and the crystal boule (at 10 ~ 15 rpm). After the growth run was completed, the
crystal was slowly cooled to room temperature in 48 hours. Transparent single
crystals of the size of several millimeters ol optical quality were thus obtained cven
though some cracking problems occurred during the slow cooling probably when
the crystal passed through the paraclectric to ferroelectric phasc transition. After
anncaling 1 SSU°C for 5 hours, crystals were cleaned in acetonc and then sputtered
with Au electrodes on both faces for pyroelectric measurements.

1-X
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600 T T T ) ¢ T
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] 800 A SINGLE CRYSTAL
¢ B
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w 400 4/mmm y
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% 200 m2m '\ 4mm
-
100 % -
1 4
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FIGURE | Phase diaeeam of Ph,  Ba,Nb.Q, solid sohttion system with the phasc transition tem-
peratures marked as they would appear during heating. The reference i the figure refers to Subbarao
et al. (1960), Reference 7
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The composition quoted in the text, tables, and figures as PBN[(1 —~ x)%] where
{1 — x)% is the mole pereent of PbNb,O,, in Pb, _ Ba,Nb,O, composition, refers
to the post-growth analytical composition as determined by electron microprobe
analysis. The crystal orientations used in this paper are based on the prototype
tetragonal 4/mmm symmetry unless otherwise specificd.

MEASUREMENT TECHNIQUES AND PROCEDURE

A method developed by Byer and Roundy®* for measuring pyroelectric coefficients
was used in this work. Essentially. a prepoled or on-site poled specimen was
mounted inside a specially designed sample holder in an air oven and short circuited
during the measurement. The pyroclectric current [ was measured using a high
sensitivity (1077 pA) picoammeter (model 41408, Hewlett-Packard, Palo Alto,
Ca.). The heating rate dT/dr was carefully programmed and controlled by computer
interfacing to maintain constant (usually 2 to 4°C/min) while liquid nitrogen gas
was used as cooling media.

The pyrociectnic coefficient p was calculated from the pyroclectric cutrent using
the following equation:

/ 2
= ———— (C/m*-
P = Jaman (™
where A is the electrode arca and dT/dt is the rate of heating. The polarization can
be calculated by integrating the pyroelectric current:

]

———— 2
AdTdr) J 1dT(C/m?)

P = j/)dT =

In this study. all specimens were poled inside the sample holder before mea-

surement. The poled sample was short circuited at the starting temperature of the

measurement for at {east 10 minutes to eliminate surface charges. In the case of

the highest temperature measured being lower than the phase transition temper-
ature, AP rather than P was obtained.

RESULTS AND DISCUSSION

For ferroclectric tetragonal single crystal PBN34. the polar vector is parallel to the
[001] direction. therctore Yarge pyrocleetnic cocfficient was observed in the [001]-
cut crystals as shown in Figure 2. For ferroelectric orthorhombic single crystal
PBNG8.4, as evinced in Figure 3, the spontaneous polarization is paraliel to the
| 110] direction therefore pyroclectric measurement on the [010] direction yielded
farge pyroclectric coefficient. As of the single crystal PBN6} .5, it has orthorhombic
symmetry al room temperature with polar vector parallel to the {110} direction and
tetragonal symmetry at temperatures higher than ~125°C with the polanzation
along the [001] direction, therefore measurements on two principle directions can
give a general picture of the polarization sense in the material. Measured along
the [010] direction. Figure 4, the spontancous polarization first went through a
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Change of the spontancous polarization and the pyroelectric coefficient versus temperature
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FIGURE3 Change of the spontaneous polarization and the pyroelcctric coefficient versus temperature
for orthorhombic PBN68.4.

sharp depoling at the orthorhombic-tetragonal phase transition (the total amount
of charge released at this phase transition corresponded to the strength of the
orthorhombic polar vector and was of the magnitude of 18 nC/cm?) and then became
relatively constant, decreasing slowly with temperature. Measured along the (001]
direction for the same crystal PBN61.5, as shown in Figure 5, polarization started
1o build up at the temperature above the orthorhombic-tetragonal phase transition,
along with the sign change of the pyroelectric coefficient. Figures 4 and S dem-
onstrated the polarization characternistics in this material at compositions close to
the morphotropic phase boundary.
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FIGURE S  Change of the spontaneous polarization and the pyroelectric coeflicient versus temperature
for the MPB composition PBN61.5 measured parallel to the {001] direction.

The pyroelectric coefficients p of PBN single crystals of different compositions
at room temperature (26°C) obtained using Byer-Roundy method are summarized
in Table 1 (signs of the pyroelectric coefficients are omitted in the Table). The p
values obtained for single crystal samples are substantially higher than those for
ceramic samples from the earlier reports.'

The decrease of polarization with temperature was also calculated from the
pyroelectric data. However, no absolute values of the spontaneous polarization
are given because the phase transition temperatures are higher than the maximum
temperature attained in the mcasurements,
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TABLE !
PPyroclectric coefficient of PBN compositions measured using Byer-Roundy method

Pb)_,Ba;Nb O Pyro. Coefficient (at Pyro. Coefficient
Symmetry MaximumValue Obtained
Composition 1-x 20°C) (nC/m2-K) WCM2K)
0.34 Tetragonal p1=82 p3=221 n 213°C
0.57 Tetragonal p;=134 p3=1250 at 240°C
0.615 Orthorhombic/Tetragonal p,=196 p=5432 at 149.8°C
py=142 p3=4468 at 240°C
0.684 onthorhombic p,=336 3w 21¢ 10C
*Ply g6Bagp, 1yNbj 980¢ Orthorhombic 210

* Results of Shrout et al. (1987), Refercnce 9.

Pyroelectric coefficients for PBN single crystals in polar directions increase as
the compositions approach to the morphotropic phase boundary. However, the
maximum value of pvroelectric coefficient (336 nC/m*-K) was observed in com-
position close 10 the MPB but in the orthorhombic side of the phase diagram
(PI3NG8.4) in which the diclectric constant and the piezoelectric coefficient are not
the highest™!! in the solid solution system.

In PBNG61.5, polarization vector switches its direction as the crystal goes through
the morphotropic phase transition. Pyroelectric coefficients in either [001] or [110]
direction can be high at room temperature which is unique among ferroelectric
single crystals and can be very interesting for device applications.

The reasons for the maximized pyroelectric coefficients in the near-morphotrapic
phase boundary compositions may be discussed as follows:

The appearance of an MPB can usually be related to the instability of one
ferroelectric phase against another ferroelectric phase upon critical composition
change. It is logical to expect that the two phases separatcd by the MPB are
energetically very similar but differ slightly in composition. The mechanical re-
straints to preserve one phase against the other may very well be relaxed. or
softened. because of the struci'iral instability. Hence, many physical properties will
be either greatly enhanced or suppressed in near the morphotropic r-hase boundary
compositions. Remanent polarization P,, for instance, may increase due to the
increase in magnitude of dipole displacement arising from the softening of the
structure or the increase in the number of possible polarization directions. Spon-
taneous polarization of a polar state in the tetragonal phase can have two polar
directions ([001) and [001]), and four directions ({110]. [110}, [110). and [110}) in
an orthorhombic phase. In a MPB composition, spontaneous polarization hence
can have total six possible polar states therefore high values of remanent polari-
zation and pyroelectric coefficients. Unlike a ferroelectric-paraelectric phase tran-
sition. in which the phase transition is a function of temperature and the physical
properties such as dielectric constants and the polarizativi:  hange drastically with
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temperature, morphotropic phase transition can take place at temperatures much
lower than the Curie-Weiss temperature and hence moderate dielectric constants
can be preserved through the phase transition over a broad temperature region.
Such a feature is considered very useful particularly in pyroelectric and electrooptic
device applications.

Spontancous polarization and the pyroelectric cocfficient in the temperature
range 10K to 300K were aiso studied using direct charge measurement technique.
Details on low temperature pyroelectric property studies of PBN single crystals
can be found in our earlier publication."

SUMMARY

Physical properties of the MPB compositions have been reported in many solid
solutions of perovskite structure.'* The morphotropic phase boundary in PBN solid
solution, separating two ferroelectric phases with mutually orthogonal polarization
directions has been found so far only in tungsten bronze solid solution family.
Current studies on temperature dependence of pyroelectric coefficients of PBN
single crystals showed that the pyroelectric property is optimized in PBN crystals
of the near-MPB compositions and large pyroelectric coefficients in either per-
pendicular or parallel to the c-axis can be obtained in PBN61.5 composition. The
MPB PBN compositions are therefore interesting for pyroelectric device applica-
tions.
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Transmission electron microscopy (TEM) has been used to explore details of the
structural phase transitions and corresponding microstructural features in the solid
solution of Pb,_.Ba,Nb,Og (PBN) tungsten bronze ferroelectrics at compositions
embracing the morphotropic phase boundary between orthorhombic and tetragonal
ferroelectric phases. In addition to the ferroelectric domain structures that were consistent
with the expected symmetries, incommensurate ferroelastic phases were observed. The
“onset” and “lock-in” transition temperatures are a function of the Pb/Ba ratio, and for
lead-rich compositions it appears that the incommensurate distortion may occur above the
ferroelectric Curie temperature in the paraelectric phase.

l. INTRODUCTION

The tungsten bronze structure and
phase transitions

The tungsten bronze structure family is probably
the second larzest family of known oxygen octahedron
based ferroelectrics.! The structure that has tetragonal
symmetry in the paraelectric phase is defined by corner
linked oxygen octahedra, and the section normal to
the tetragonal ¢ axis is shown in Fig. 1.2* Chemi-
cally, it may be described by a formula of the form
[A1(A2),C,;][B1(B2)4]O;s, where combinations of larger
monovalent (K*, Na*, Rb*), divalent (Pb?*, Ba**, Sr**,
Ca?*), and trivalent (La*?, Eu*?, Gd*?) and similar ions
occupy the square and pentagonal shaped tunnels, Al
and A2 sites (Fig. 1). Only very small ions such as Li*
can occupy the small triangular channels, C-sites, and
small but highly charged cations such as Nb**, Ta**, Ti**,
Zr**, etc. occupy the octahedral Bl and B2 sites. Fre-
quently, in consistence with charge balance, not all sites
are occupied, and the very large variation in cation radii
leads to many complex end member compounds and
innumerable solid solutions, which satisfy the conditions
to support ferroelectric phases.!*

In spite of the immense chemical flexibility in the
tungsten bronze structure systems, only two types of
ferroelectric phases are known. In terms of the point
symmetries the paraelectric prototype form is always in
point group 4/mmm. In the orthorhombic ferroelectric
form the spontaneous polarization P, is along one of the
twofold axes (001), (of point group mm2) or {110),
(denoted as point group m2m) where the suffix indicates
that the orientation refers to the original prototypic axial
system (see Fig. 1). In the tetragonal ferroelectric form
the symmetry is 4mm and two domain states have P,
oriented along [001]p and [001]p. Both orientation states

are fully consistent with the group theoretical prediction
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of Aizu and Shuvalov.®’ The tetragonal states exhibit
only 180° domain walls, while in the orthorhombic
ferroelectric states both 180° and 90° walls occur.

In 1981, Schneck et al. reported incommensurate
satellite reflections in the tungsten bronzes Ba;NaNb<Q;s
(BNN) and Sr;KNbsO;s (SKN).>'' At present many
crystals are known to have incommensurate phases.
These incommensurate phases are periodic but their
periodicity is not fixed by a three-dimensional lattice.

10101y
(11073,
(100),
[1001],
o1,
Cryﬂollogwphich Number of Number of
Site Coordinations| Positions
s -
O Al 12 4
O A2 1 2
$ 8 6 2
@ 82 s 8
FAN c 9 2!

FIG 1| The generalized crystallographic structure of tungsten bronze
wompuitions with the indicated A, B, and C sites.
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Incommensurate periodicity can be due to a number
of different phenomena such as atomic displacements
or occupancy of cations or anions.!" The origin of
incommensurability in the tungsten bronze family is pre-
sumably associated with the displacive structural change
owing to ferroelastic octahedral tilting.'%!8
Many of the displacive incommensurate struc-

tures ‘lock-in’ to low temperature commensurate
superstructures.'*'? The degree of incommensurability,
4., teduces to zero at the lock-in transition temperature.
The incommensurability parameter, §, is defined as
the ratio of the difference between the distance of
two adjacent superlattice reflections (z — y) parallel
to (100), divided by the total distance between those
points (z + y).

-y

I+y

(1)

Thus at lock-in there is an equal and rational spacing be-
tween these superlattice reflections and matrix reflections
giving 6 = 0. Corresponding microstructural changes
also take place in the crystals close to the lock-in transi-
tion; commensurate domains within the crystal begin to
grow. These commensurate domains can be out-of-phase
with each other, and at a place where two domains join,
‘a wall known as a discommensuration may be formed.
The discommensuration density, D, is inversely related
10 the magnitude of the incommensurability parameter,
6, ie, as § — 0, D — 0.2 However, there are
some exceplions to this behavior where the incommen-
surability locks-in to a so-called ‘quasi-commensurate’
state, and the tungsten bronze family appears to be of
this type. In the case of the tungsten bronzes BNN,
SKN, and SBN [(Sr, Ba)Nb,Og), incommensurability
reduces to about § = 1% but does not go to zero; a
quasi-commensurate structure exists along with a low
density of discommensurations. Reasons for this are still
not clear, but point defect pinning the motion of the
discommensuration walls during growth is a popular
suggestion.'

The majority of the detailed work on the incommen-
surate tungsten bronze phases has been on Ba;NaNbsO,s
(BNN).!>15-4748 The suggested sequences of phase tran-
sitions in this crystal are summarized in Table 1.

Table | shows a generalized summary of much
of the work on BNN, but many uncertainties remain.
There 1s, however, agreement that two incommensurate
phases exist. namely lg¢ and 2g. The 1g phase is an
orthorhombic phase with a modulation existing along
a single direction, whereas the 2q phase corresponds
to 7 tetragonal symmetry and there exist modulations
in two perpendicular directions. These 1g and 2g
phases are well illustrated in a study on BNN by Barre
et al.'5 The 1q phase is stable over 2q for the lower
temperatures in the incommensurate phase range. The 2¢q

TABLE (. Phase transitions in BNN.

Paraelectric
4/mmm
Paraclastic
+580°C
Paraelastic
4mm
Ferroelectric
+300 °C
Ferroeleciric + mixed incommensuraie ferroelastic
phases 1q and 2¢
: +250 °C

Quasi-commensurate ferroclastic
Ferroelectric (mm2)

Other phases reported'?

phase is more stable at the higher temperatures. At the
lock-in temperature, T = 250 °C, there is a reduction
of the incommensurability parameter, 6, to develop a
quasi-commensurale low temperature state. The lower
temperature phases are not fully understood at this time
and are still topics of debate.'®

The Pb;_.Ba:Nb,Os tungsten bronze composi-
tions studied here are of special interest owing to their
potential application in a bistable optical switching de-
vice. The ferroelectric phases are tetragonal (4mm) or
orthorhombic (m2m), depending on the composition.'*9
As can be observed from the phase diagram,”' Fig. 2,
the Ba-rich side is tetragonal and the Pb-rich side is
orthorhombic. These two phases meet at a morphotropic
phase boundary close to PBN: 1 ~ z = 0.63. This
morphotropic ‘hase boundary is curved, allowing a first
order tetragonal — orthorhombic phase transition to
occur for a few restricted composiiions close to this
boundary. In these crystals the phase change can be

1~X
1 o8 08 o4 0.2
600 R ] L] [7 1 [ L
O Ret. 2 .1
o CERAMIC
5 3%° & SINGLE CRYSTAL |
¢ 4
- Paraelectric
w 400 4/mmm R
¢ o -
e
: 300 -:{
W | Ferroelectric ¢ Ferroelectric
% 200 m2m '\ 4mm
W o p
: 4
100~ | -
o ) 4
0 1 | 1 | 1 i1 1
o] 20 40 60 80
PBND4Og Mol % of Bq BaNb 04

FIG. 2. Phase diagram of the tungsten bronze solid solution
*h, _,Ba,Nb;Og over the range 0.2 < 1 - x < 100

J. Mater. Res., Vol. 8, No. 8, Aug 1991 1721




C.A Randall et a/ Mcrostructure-property ralaions 0 tungsten bronze 'ead banum niobate

effected either by changing temperature or by applying
an appropriately oriented electric field. Hence, it is
possible to electrically switch an optical indicatrix from
uniaxial to biaxial symmetry.

Until recently these tetragonal and orthorhombic
phases were believed to be the only ferruclectric phases
existing within the tungsten bronze family; however, a
study of dielectric and pyroelectric properties at low
temperatures has shown additional anomalies.>~* These
anomalies, as shown in Fig. 3, are very reminiscent of
the relaxor anomalies found in many of the complex
lead perovskites such as Pb(Mg,,3Nby,3)03.2 These
anomalies were found in the PBN single crystal plates
of the compositions close to the morphotropic phase
boundary at temperatures well below the paraelectric
— ferroelectric phase transition. The dielectric constant
measurements were made perpendicular to the polar axis.
The present understanding of these relaxor anomalies
in the PBN are small thermal agitations of the polar
vector about the polar direction, but this still has 10 be
substantiated. In addition to these transitions we also
have reported the presence of incommensurate phases
within the PBN.!

The aim of this paper is to study and classify the
various domain microstructures existing in the PBN
tungsten bronze system. The incommensurate ferro-
elastic phases are described and are found to vary
with composition and temperature. The microstructural
and crystallographic features of these ferroic phases
within the PBN are related to macroscopic anomalies
in dielectric and optical properties.

ll. EXPERIMENTAL PROCEDURE®

Ceramic specimens were prepared from high purity
chemicals using conventional techniques of milling, pre-

RE. | NN B Sy SUNEES TSN S SEN SRR 3000
x (100] E
- >
2 E
(5] 10 3
8 o
o' 2000 a
L b4
- 05 &
© 1z
‘_‘j w
W o
= o

100

0256 000

TEMPERATURE (°C)

FIG. 3 Typical low temperature anomaly in the dielectric constap’
perpendicular to the polar direction in PBN single crystals with com-
positions close to the morphotropic phase boundary (1 ~ r = 0.57).
Note the strong frequency dependence in dielectric permittivity
and loss.
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firing, crushing, pressing, and firing. The specimens were
prepared in the form of disks ~10 mm in diamecter and
~1.2 mm thick. The final sintering times and temper-
atures, which depended on composition, were between
1280 °C and 1320 °C for 1 to 6 h. To compensate for
PbO loss during the calcination, 3 wt. % of excess PbO
was added. Well-reacted PBN ceramics with 94-99¢;
theoretical density and 3 to 6 um grain size were pro-
duced. The composition chosen for TEM study was
Pb,_,Ba,Nb;Og, where (1 - z) = (0.75, 0.65, 0.61,
0.60, and 0.25).

Single crystal specimens were prepared by the
Czochralski growth technique. Starting from high purity
chemicals, the charge was heated in a Pt crucible by RF
induction up to the melting temperature. Each crystal
was then withdrawn at a rate of 1 to 2 mm/h along with
constant rotation of the crucible and the crystal boules.
The crystal was slowly cooled to room temperature in a
time period of 48 h. Single crystals several millimeters
in size and of optical quality were achieved even though
some cracking of the boule occurred during the cooling
procedure, probably when the crystal passed through the
paraelectric to ferroelectric phase transition,

TEM thin sections were prepared by grinding and
polishing to ~50 um and then ion-beam thinning of
the samples after being mounted on 3 mm copper grids.
Transmission electron microscopy was performed on a
Philips 420 STEM, and a double-tilt liquid nitrogen cold
stage made by Gatan was used for low iemperature
analysis, —168 °C < T < 80 °C.

. RESULTS

The tetragonal ferroelectric Pbg 2sBag 7sNb3;Og (PBN:
1 — x = 0.25) was studied at room temperature to liquid
nitrogen temperatures. Typical 180° or inversion domain
boundaries are observed with dark-field imaging of the
diffraction vector, g = (001)p, as seen in Figs. 4(a) and
4(b). The contrast of the 180° regions in neighboring
domains is the result of the noncentrosymmetric nature
of the crystals. The diffraction intensities of hk! and hki
are not equal, and hence there is a contrast difference."®

The orthothombic phase (m2m) compositions
Pb, _ rBazrNb;Os (PBN: 1 — z = 0.65 and 0.75) were
studied. The orthorhombic symmetry is the result of
Nb-O displacements in the (110),//(010), directions.
This gives rise to 90° twin ferroelectric domains on
{100} ,// {110}, habit planes and also 180° domains
with no fixed habit plane. Selected area diffraction of the
90° twin domains shows electron spot splitting paraliel
1o the diffraction vector g = (110)p, as observed in the
inset of Fig. 5(b). Also, a-fringe contrast is observed
in Fig. 5(b), marked “a”, and these correspond to an
inclined 180° domain wall.®

Compositions of PBN near the morphotropic phase
boundary were also chosen for study with PBN:

J. Mater. Res.. Vol. 6, No. 8. Aug 1991
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(b)

F1G. 6. (a.b) Micrographs of domain structures in PBN: 1| — z =
0.60 composition ceramics. Both (a) and (b) show a mixture of 180°
ferroelectric domains and a fine textured discommensuration structure
marked “a”.

structured Sry,,Ba;,;Nb;06.!! In their study they found
additional superlattice reflections appearing at lower
temperatures ~—150 °C; no such superlattice reflections
were found in this study on PBN at any composition,
between 0.25 < (1 — ) < 0.75, and to temperatures as
low as ~170 °C.

At the outset, we stated that PBN compositions close
to the morphotropic phase boundary have an additional
low temperature relaxor-like anomaly in dielectric and
pyroelectric studies.”>>* In this TEM study no evidence
of domain superlattices or satellites could be associated
with this phenomenon. The reason for this is most likely
that the temperature region studied by TEM was not
sufficiently low to freeze in the micropolar regions.?’

In addition to the commensurate superlattice reflec-
tions, {h + 1/2,k + 1/2.0} ,, there are incommensurate
superlattices also present in the PBN compositions.

(b)

FI1G. 7. PBN (001} electron diffraction patterns: (a) PBN: 0.75 a1
room temperature and (b) PBN: 0.25 at room temperature.

These incommensurate superlattices have various de-
grees of incommensurability, as determined by the
S-parameter and the dark-field imaging of the dis-
commensurate structures. Figures 8(a), 8(b), and 8(c)
show three room temperatures [110], zone axis electron
diffraction pattems, for compositions PBN: 1 - z =
0.25, 0.60, and 0.75, respectively). The respective room
temperature incommensurability parameter is 6 = 17%,
6%, and 2%. Hence the orthorhombic, PBN: | — ¢ =
0.75, lead-rich composition is at room temperature
in a quasi-commensurate state. This can also be
observed from corresponding dark-field images of the
incommensurate spots. The dark boundaries, marked “b.”
are discommensuration structures in Fig. 10(a). We will
discuss this figure in more detail below.

The PBN: 1 ~ 1 = 0.61 single crystal is incommen-
wurate and its & parameter changes from 6% at room
tvmperature to 4% at ~140 °C. The room temperature
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FIG. 8. Comparison of PBN (110) electron diffraction pattems at room temperature. PBN: 1 - x = (a) 0.25, (b) 0.60, and (c) 0.75, respectively.

discommensurate microstructure is shown in Fig. 9(a),
and is similar 10 discommensurate structures in the
mixed 2¢ and lq phase, as observed by Barre erf al., in
BNN. The discommensurate microstructures in PBN
compositions change easily close to the morphotropic
phase boundary. It is easy to switch to a finely textured
discommensurate microstructure during the electron
microscopic observations, as seen in Fig. 6(b). This

ferroelastic switching is obtained by local heating of
the electron beam that gives rise to strain gradients
owing to thermal expansion. These strain gradients
are believed to be strong enough to switch the ferro-
elastic domains. Figures 6(a) and 6(b) show finely
aligned discommensurate structures co-existing with
180° ferroelectric domains. The aligned discommensu-
rates are parallel to the diffraction vector g = (110)p

J. Mater. Res., Vol. 6, No. 8, Aug 1991 1725
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(b)

F1G. 9. (a) Room temperature discommensuration structure of singie
crystal PBN: 1| — z = 0.61; (b) shows the dark-field diffraction
condition and also evidence of streaking of the incommensurate
superlattice reflections (see inset).

or (100)o. The diffuse streaking along (100), in the
diffraction pattern Fig. 9(b) is thought to be related to
the fine textured discommensurates, as it is perpendicular
to their habit and observed only when they are present.

Returning to Fig. 10, a number of important features
are to be noted. The discommensurate structures are
aligned parallel to (010),. Also, the discommensurations
are continuous across 90° and 180° domains. This im-
plies to us that the ‘lock-in’ incommensurate transition
was independent of the ferroelectric transition. This
complex domain configuration and phase mixing can
be possible only by the lock-in transition occurring in
the paraelectric phase, which is not the case with other
tungsten bronze phases. Also, from the discommensurate
configurations a phase shift of 7/2 in the modulation can
be determined by the fourfold node lines; this is similar
to findings in BNN and 2H-TaSe,.!*”

1728

(b)

FI1G. 10. (a) Discommensuration and ferroelectric microstructures in
PBN: 1 — z = 0.75. Note that the discommensuration microstructures
are independent of the ferroelectric domains; (b) shows discommen-
suration node structure.

IV. DISCUSSION

The PBN solid-solution shows a complex mix-
ing of ferroelectric and incommensurate ferroelastic
phase/domains. The incommensurate phase and ferro-
electric phases are sensitive to composition. Different
incommensurate parameters, 6, are found at room
temperature along with different discommensuration
structures and densities.

One of the most surprising results deduced concerns
the lock-in transition in the orthorhombic PBN compo-
sitions. With the discommensurate structures showing
continuity through the ferroelectric 183° and 90° domain
structures, one has to conclude the quasi-commensurate
lock-in occurred before the paraelectric — ferroelectric
transmition. This is not the case with the previously
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studied SBN and BNN tungsten bronzes, which have
the sequence of transitions found in Table Il

To confirm our conclusions about the departure
from the previous trends of phase sequences known in
tungsten bronze, we made an additional study on the
temperature dependence of the birefringence in PBN
single crystals.”® Figure 11 shows the transmitted in-
tensity variation as a function of temperature during a
cooling run for PBN: | — £ = 0.65 of orthorhombic
symmetry. Besides a first-order-like phase transition
(at ~213 °C during a cooling run) that corresponds
to the ferroelectric orthothombic m2m to tetragonal
paraelectric 4/mmm phase transition, a continuous or
rather smooth but unambiguous phase transition can
be detected at temperatures near 322 °C during both
cooling and heating runs. No prominent dielectric anom-
aly other than a small kink has been observed in this
temperature region. We thus suggest that this anomaly is
the incommensurate transition as inferred by the TEM
domain microstructural observations. As we know that
incommensurate phase transition is always a second
order,” it is not surprising to us that the birefringence,
being a polar second rank tensor property, is more
sensitive to the onset of incommensurate modulations
than other techniques such as dielectric measurements.
Further results regarding the optical studies will be
found in later papers.’! For the Ba-rich compositions
the incommensurate lock-in phase transition is below
the paraclectric-ferroelectric transition and corresponds
more closely to the phase sequences in BNN and SBN
tungsten bronzes.

The dielectric and x-ray characterization of the PBN
agrees well with the TEM observations, as reported
earlier.2'225 However, no evidence was, found for do-
mains/polar regions being associated with the low tem-
perature relaxor-like anomalies close to the morphotropic
phase boundary. The reason for this is probably that
lower temperature observations would be required to
eliminate electron heam heating contributions from ther-
mal excitations, preventing a freezing-in of the domains.

V. CONCLUSIONS

Solid solutions of tungst~n bronze lead barium
niobate, Pb,_.Ba,.Nb;Og, hase been <tudied by TEM
" techniques. Ferroelectric 180° domains have been
characterized in the tetragonal part of the phase diagram.

TABLE 1. Phase sequences in tungsten bronze BNN and SBN

(4/mmm) (4mm) {(mm2)
Pataelastic Paraelastic Ferroelastic
Paraelectric - Ferroelectric Ferroelectric

T ZI;‘O'C Y y Y ™ =T Y —"]
z ""l'. 4
1 I ]
Cluy v
L ‘
5 '.
g SR
a Al
s AL
H ARREE
PENES 1 L I
Cw“\'; : " 1 3223 —
184 2388 293 3478 402

Temperature (°C}

FIG. 11. Transmitted int- r<ity r~corded as a function of temperature
in a cooling run for PBN = 0.65 sing’-  rystal to measure
the birefringence. The light (A = 633 am) pro;  ’ed perpendicular
to both the [010]p and the [001], directions.

With the orthorhombic compositions 90°-twin and
180° inversion ferroelectric domains were observed.
A ferroelastic incommensurate phase is found to exist
throughiuut the phase diagram. The degree of incom-
mensurability varies with temper.: :re and composition.
Discommensuration structures arc observed and a n/2
phase modulation 1~ deduced from the micrographs.
From the combine. TEM and birefringence study
of PBN it is suggested that the quasi-commensurate
‘lock-in’ transition occurs within the paraelectric
phase in compositions (1 — ) 2 0.63, making the
orthorhombic PBN different from previous ferroelectric
incommensurate behavior in the tungsten bronze family.
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ABSTRACT

The unique characteristics of the solid solution (1-x)Pb(Sc12Ta12)03-(x)PbTiO3
make it an interesting system from both a theoretical and practical point of view. A
variety of compositionally and thermally "adjustable” states of structural ordering, Curie
temperatures, and material properties are accessible for these materials, making them
attractive for many device applications as well as a useful model system for further
exploring the fundamental nature of relaxor ferroelectrics. Selected compositions from
the system have been prepared as ceramics, characterized, and subjected to various
property measurements. Two structural phase boundaries have been identified between
three n.ain lower symmetry ferroelectric phase regions. Materials from each of these
regions possess different states of structural ordering and exhibit distinctive ferroelectric
behaviors. Structure-property relationships are highlighted for compositions representing
each region and a preliminary evaluation of the material for pyroelectric device
application is presented.

The (1-x)Pb(Sc12Ta1/2)03-(x)PbTiO3 ceramics were prepared by a conventional
mixed-oxide method involving the use of high-purity starting compounds, a precursor-
phase formulation, and controlled lead atmosphere sintering. Compositions were selected
from across the entire range so as to represent all phase regions occurring in the system.
Each composition was calcined at 900°C for four hours and then at 1000°C for one hour
with an intermediate comminution step. Compacted specimens of all compositions were
then subjected to firing at 1400°C for one hour within sealed crucibles containing
Pb(Sc12Tay2)03/ PbZrO3 source powders. Specimens with compositions [x<0.1}
required a second higher temperature sintering at temperatures in the range [1500-
1560°C] depending on the composition. Those specimens for which the degree of

ordering could be varied by post-sintering heat-treatment were annealed in a sealed




iv

system with a controlled lead atmosphere so as to allow negligible lead loss during the
ten-hour period required to order the material.

Four distinct phase regions were identified in the system: (1) a high-temperature
cubic phase, below which there exist, (2) a rhombohedral (pseudocubic) region of
variable order/disorder [VOD)] in the composition range [x=0-0.075], (3) a structurally
invariable rhombohedral (pseudocubic) region in the range [x=0.1-0.4], and (4) a
tetragonal region extending from {x=0.45] to [x=1.0]. Boundary regions separating the
three lower symmetry phase regions were defined where the VOD phase boundary was
determined to lie in the composition range [x=0.075-0.1] and the morphotropic phase
boundary [MPB] between [x=0.4] and [x=0.45). It was noted that the extent of the VOD
phase region and, hence, the position of the VOD phase boundary may well depend upon
the annealing conditions imposed and, therefore, the structural features reported for the
system in this compositional range reflect only the nature of materials produced under the
preparation conditions applied in this study.

A range of ferroelectric behaviors was observed for materials representing each of
the three non-cubic phase regions, each of which was correlated with the coherence
length of the ordering present as determined by means of electron and x-ray diffraction.
It was thereby shown that all three of the nanostructure-property classes defined in the
classification scheme of Pb-based perovskites described in Section 1.1.3 are represented
in this system.

Preliminary investigation of the nanoscale ordering occurring in as-fired
specimens by means of electron diffraction indicated the presence of short coherence
length (20-800A) long-range ordering up to [x~0.3] as evidenced by the presence of the
"F-type"” reflections associated with the ordered superstructure. The steady decrease
observed in the intensity of these spots with increasing x reflects a decrease in the

coherence length of the ordering. Estimation of the order domain sizes in annealed VOD




materials by means of x-ray diffraction utilizing the Scherrer expression (Equation 1.11;
Section 1.3.1) yielded average order domain sizes greater than 1000A for all of the
annealed specimens.

Dielectric hysteresis was observed for all compositions [x=0-0.4]. As-fired
materials from the composition range [x=0-0.4] were observed to display relaxor-type
dielectric behavior which becomes more normal on approaching the MPB [x=0.4-0.45])
beyond which the response is essentially that of a first-order ferroelectric. Both relaxor
and normal first-order type dielectric responses were found to occur for VOD
composidons with the as-fired materials showing the characteristic diffuse and dispersive
responses typical of a relaxor and the annealed specimens exhibiting more sharp, first-
order type behaviors. The dielectric behaviors exhibited by as-fired and annealed
samples under a biasing field of S (KV/cm) were also observed to be those typically
associated with relaxor-type ferroelectrics and normal first-order ferroelectrics
respectively. The general features of the temperature dependences of the remanent
polarization, Pr, and the 100 KHz reduced RMS polarization, P(100K), observed for the
VOD compositions highlight the nature of the polarization as it relates to the degree of
positional ordering present; it becomes evident that even for the annealed samples, for
which relatively high degrees of long-range ordering are achieved and near-normal first-
order dielectric responses displayed, some "glassy" polarization character is retained.
The depolarization curves of the remanent, Pr, and 100 KHz reduced RMS, P(100K).
polarizations for compositions [x=0.1-0.4] showed relaxor-type tendencies with a trend
towards a more normal first-order type response on approaching the MPB region.

A preliminary evaluation of the pyroelectric response has been conducted in this
investigation for selected (1-x)Pb(Scy2Ta12)03-(x)PbTiO3 compositions in order to
determine the most promising materials for thermal imaging applications and to roughly

establish the optimum operating conditions for those which exhibit the highest figures of
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merit (defined in Section 6.1). ‘The relatively high dielectric constant coupled with the
moderate values of the pyroelectric coefficient below T(max) for all the compositions
considered resuits in a low voltage response [Fy] making them not particularly well-
suited for large area device applications. These materials do, however, show detectivities
[Fp) adequate for potential use as point detectors. The VOD compositions, in particular,
appear to be promising candidates for field-stabilized pyroelectric devices.

The detectivities for as-fired and annealed [x=0.025] and {x=0.05] compounds
were evaluated under a DC biasing field of 5 (KV/cm). Some enhancement of Fp was
observed at this field strength for the as-fired specimens which even under unbiased
conditions exhibited stable responses over an extremely broad temperature range [T =0-
70°C; Figure 6.8]). The peak Fp of the annealed [x=0.025] material [Fp(max)=16 (10"
5Pa-1/2); Figure 6.9(a)} was observed to occur at =20°C and showed a much more marked
enhancement under DC bias than its as-fired counterpart [Fp(max)=2.5 (10-5Pa-1/2);
Figure 6.8(a)]. The effect of the biasing field on the annealed [x=0.05] material was less
dramatic with respect to the peak Fp attained [Fp(max)~6.3 (10-5Pa-1/2); Figure 6.9(b)];
however, similar to the as-fired materials, this material exhibited an enhanced detectivity
over a broad temperature range above T(max). These preliminary results, obtained under
modest field conditions, have indicated that the materials from the VOD composition
range are highly variable in their performance, both with respect to the maximum
response achieved and the breadth of the temperature range over which a stable response

is obtained.
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The pyroclectric sesponse of selected compaositions from this solid solution system have been investi-
gated. The mnture of the temperamture dependence of the pyroclectric coefficient for the compositions
examined indicate the presence of arelatively broad, curved morphotropic phase boundary, [a = 0.3-
0.45]. The high vatues of pyroclectric cocliicient achievable, in particular for low x compositions |y =
0-0.1]. suggest potential application of these materials as highly efficient and versatile ficld-stabilized
devices.

INTRODUCTION

The unigue characteristics of the solid solution (1-x)Pb(Sc,,sTa, ;)0 (1 )PHTIO,
make it an interesting system trom both a theoretical and practical point of view.
A varicety of compositionally and thermally “adjustable” states of (dis)order, Curic
temperature, and dielectric and pyroclectric properties are accessible for thesce
materials making them attractive for many device applications as well as a useful
model system for further exploring the fundamental nature of relaxor ferroclee-
trics.! The pyroclectric propertics of various compositions have been examined in
this investigation in order to better define the structural phase boundaries in the
system and to make a preliminary evaluation of the potential uscfulness of the
muaterial in pyroelectric device applications.

SAMPLE PREPARATION

Ceramic samples of (1-x)Pb(Sc;,,14,,)0-(x)PLTIO, [x: 0, 0.025, 0.05, 0.1, 0.3,
0.4, 0.45, 0.5] were prepared by a conventional mixed oxide technigue employing
the wolframite precursor method? in order to reduce the occurrence of undesirable
pyrochlore phases. Starting oxides of Sc;0,1 and Ta,O4, T were batched and double
calcined at 1400°C for 4 hours 1o form the wolframite® [ScTaQ,] precursor phase.
The compositions of interest were then formulated from PO, 1 °T10,, T and ScTaQy,
ball milled with zirconia media for =6 hours and subjected to double calcination
in closed alumina crucibles at 9°C for 4 hours and HXX°C for | hour. Pellets

1 DO PBohnson Matthey-Materials Technology UK-Grade ALz Se, 0, [Boulder Scicatific Co 009077 |,
TiyOg fHermann C. Starck (Bethin)-Stand. Opt. Grade 1O, | Aesar (Johinson Matthey ne.)-99.9994 |
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[1.25 em) in diameter were formed and sintered in scaled crucibles at 1400°C-
1560°C lor periods of {0.5- 1.5 hours] depending on the sample composition. Source
powders of Ph(Sc,,Ta,,)O, and PbZrO, were used to maintain a suitable Pb
atmosphere within the crucibles. Total weight losses alter sintering were typically
=1 for compositions [x > 0.1] and somewhat higher, 2-5%, for those with [x
=< 0.1] for which the higher sintering temperalures were required.

Samples of composition [0 = x = (0.1] were disordered as sintered. Ordered
materials in this composition range were prepared by post-sintering heat treatment.?
The sample was embedded in Ph(Sc,,;Ta,,)O; source powder and enclosed in a Pt
envelope. The Prawrapped sample was then sealed inan alumina cracible with
Ph(Sc, a0, and PHZa0O), sources and anacaled at 1000°C for 10 hours. No
signthicant weight loss was observed for any of the samples alter anncaling.

The degree of long-range structural ordering was determined for otdered com-
positions by means of x-ray diffraction using a Scintag automated x-ray dilfracto-
meter. Cu Ka radiation was cmployed. The long-range order is typically cvaluated
tor P(Sce,,, 11,00, materials in terms of the relative intensities of the superlattice/
normal reflection pairs 1117200 and 311/222.3

Specimens for pyroelectric and diclectric measurement were cut as plates from
the sintered disks with dicleetric samples typically [0.75 cm] on edge and [0.15 cm]
in thickness and pyroclectric samples (14 cm| on edge and [0.025-0.03 cm] in
thickness. Sample surfaces were sputtered with gold and sifver contact points ap-
plied.

INSTRUMENTATION

The pyroclectiic response was measured by a modified Byer-Roundy method.® The
specimen was initiadly paled within o tesperature chamber {Model 2300, Delta
Desipn. Inc.j near the transition temperature under a poling ficld of [20 (KV/iem)]
for 1S minutes and cooled with the Tield applied to = — 100°C. The poling ficld
was then temoved. A desk top computer [Maodel 9816, Hewlett Packard, Inc.| was
nsed 1o 1o pyroelecttic canrent data collected by a picoammeter [Model 41408,
Hewlett Packard, Inc.|]. Pyroclectric cocfficients and depolarization curves were
subscquently calculated from the pyroclectric current data.

The diclectric constant and tan(a) were measured as a function of temperature
aud (requency using an astomated system consisting of an oven [Model 2300, Delta
Design. Ine.|. an LCR meter [Model 4274A, Hewlett Packard, Inc.]. and a digital
multimeter interfaced with a desk top computer {Model 9816, Hewleti Packard,
lnc. ). Diclectric runs were made over a range of [ — 150~ + 260°C] and at frequencies
100 1z, 1 Kllz, 1) KHz, and 100 Kilz.

RESULTS

The elfcet of increasing Ti-content on the pyroelectric response of the material,
as nuwmitested in the temperature dependence of the pyroctectric cocfficient, is
shown in Figures 1(a-¢). The change in the shape of p(T) as well as the positions
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TABLEL
Pyrockectric amd diclectsic propestics of (1-0)PB{Sc, [ Ta, DO (P00, compositions.
s) ptl) T m2) T K(max) T D ntax) T
) {-ixi=Cy {1 KHz} 11 KHz}

WC/mdy 1 @W/mk) § cOL©/m2i) § €O Q) 0

ot (R]} 0.02) -1 18200 ? 0.07 0
0.028 0.18 0.004 -56 .02 -6 11300 10 0.08 -30

0.025! 0.28 0.029 i 7400 17 0.05 4
0.08 .34 0.005 A 0.004 10 14000 29 0.08 3

0.0st 0.27 0.013 16 11300 26 0.07 1"
LR} 0.3y 0.024 20 23000 38 0.08 pL
0.3 0.024 123 0.002 I8S 26000 136 0.05 124

0.4 0.4} ¢.003 187 [{XE 4 191 28300 180 - -
043 0.68 09y 2 22000 208 0.06 AM

- Patally Ondoret

1Tp)] and magnitudes of the pyroelectric cocfficient peaks [Table I; Figure 3] are
seen to vary significantly throughout the composition range investigated. Reason-
abty sharp peaks ire observed for the compositions represented in Figure 1(a) [x
= O-0.1] with a steady increase in the temperature of the pyroclecuic cocfficient
maximum, 7(p). and an initial increase in the magnitude of p(') [ Table 1} followed
by a sudden decrease in the maximum and some broadening of the peak for the
ordered [v = 0.05] composition. The shape of p(T) reflects the onsct of the
maorphotropic phase boundary |MPB| between the rhombohedral and tetragonal
phiases of the system at about {x = 0.3} with the appearance of a second higher
temperature peak which persists through [x = 0.4] [Figure 1(c)]. This corresponds
well with pievious determinations of the general range of the MPB by means of
room temiperature x-ray diffraction and dielectric measurement' and further in-
dicates a curvature to this boundary. The appearance of a second higher temper-
ature p( 1) peak for the [ = 0.3] composition in this study and the persistence of
a shoulder to that of the {x = (.45] composition, however, indicate a slightly
broader range of compositions over which the MPB extends than was previously
nbscrved.! High temperature x-ray diffraction investigations are currently underway
to better refine the breadth and curvature of the MPPB region.
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TABLE N
Pyroclectric figures of merit (1-0)Pb(Sc¢, . Ta,,)O-(VPHTIO, compositions.

T p K D F(v) ¥n)

) °C) (C/m2K) m2/C) (0rS pa-12y
ot -20 0.(Xr22 200 0.055 0.05 2.8
0.025t .20 0.0011 1500 0.050 0.03 1.7
o.05t 220 0.0012 1500 0.050 0.04 1.9
0.1 20 0.0013 2500 0.050 0.02 1.6
0.3 25 0.0030 1580 0.035 0.03 1.7
0.4 25 0.0010 1590 0.030 0.03 1.9
0.45 25 0.0M4 2300 0.020 0.03 2.8
0.5 25 0.0005 1000 0. 0.02 1.4

3 Pantially Ordercid

A second boundary is also evident upon examination of the changes in p(7) that
oceur for compositions [0 << v = 0. as shown in Figure 1(a) representing partially
ordercd compounds and Figure 1(b) showing the response of disordercd com-
pounds. 1t has been determined in another investigation® that compositions [0 =
x < 0.1] may exhibit both compositionally and thermally variable (dis)order. In
that study, this state of variable (dis)order persists in compositions up to [x = 0.1}
beyond which an invariable state of structural disorder exists and develops in a
manner analogous to other systems showing a transition from refaxor to normal
ferroelectric behavior with compositional changes [e.g., -Pb(Mg,,;Nb,,)O4-Ph-
TiO,]. There are, therefore, four distinct regions {Figure 3] present in this solid
solution system: (a) Region I, a region of variable order/disorder [VOD), (1)
Region 11, a composition range in which the material behaves as a relaxor (anal-
ogous to Ph(Mg,.Nb,,;)O;), (c) Region HI, a MPB region, and (d) Region 1V, in
which the material exhibits normal ferroclectric behavior. The existence of a second
structural boundary between variably (dis)ordered and invariably disordeicd states
is further evidenced here where there is secn, in the ordered case [Figure 1(a)].
drop in the magnitude of the peak p(7T') just before {v = 0.1] and, in the disordered
case [Figure 1(b}]. for compositions up to [v = 0.1] characteristic multiple peaks
similar to that previously observed for disordered Pb(Sc,,xTa,,)O, sinele crystals.?
1t was suggested in that investigation that the appearance of o dovi le peak Tor
disordered Ph(Sc,,»Ta,,.)0, dikely reflects the coexistence of ordered and disosdered




162 i ROGINIEWICZ, AL S, BUHALLA and L. E. CROSS

a4

P {lezi
034 <

0.21

00 Y
-100 ] 100

(a3 1-c

0.4
p [Clm

0.3

0.2 e

044

02
]
00 ¥ . =
~100 0 100 200 300
(ci 1%

FIGURL 2(a-¢)  Spontancous polarization as a function of temperature for compositions a {a) 0.025
tordered). (b) 0.05 (ordered). () 0., () D025 (disordered), (c) (LOS (disordered), (1) 1.3, {g) V.4,
(h) 045, bold curve partially ordered PST.




PYROELECTRIC RESPONSE OF Pb(ScTi)Q,-PITIO - PHTIO, MATERIALS 163

225 ; ; -
: : s
) 1 ; s f
150 1 H ol
e : z
: ; : + 1(p) (D)
754 VOD ! RELAXOR | MPB : NORMAL
; i ! * Hp)io)
; : ; s 1(p)
«3 ¢ ‘ !
L I : : ;
° ; ;
.o o
-75 ~+ T y Y T
010 020 030 040 0S50 060

FIGURE Y Temyperature of the pyroclectric cocfficient peaks, | T()], for (1-0)Ph(Sc,,:Ta, )0 -(0)PHTIO,
compasitions Jv = 0-0.45].

regions within the material. This issue and a more thorough characterization of the
compositions within this VOD region are discussed clsewhere !

The shape of the depolarization curve |Figures 2(a—c)] is observed to change
markedly with compositional variations. On traversing Region 1 [0 = x < (0.1],
considering only partially ordered compositions, the depolarization curve is seen
to vary gradually with a “tail” that persists well above the temperature of the
dielectric maximum [Table 1] in all cases. As observed previously for disordered
Pb(Sc,» T 2)0:F the depolarization curves of the disordered compounds in this
region |Fipure 2(b)] are seen to decrease in a continuous, extremely gradual man-
ner, with the high temperature polarization “tail” increased in magnitude on ap-
proaching the VOD boundary composition [x = 0.1]. The shape of the depolari-
zation curve becomes more continuous and extended throughout the composition
range {x = 0.3-0.45] reflecting the phase transitions occurring through the MPB
with that of the [x = 0.45] composition exhibiting a tendency to a more first-order
type behavior. This correspnds well with results previously reported on the nature
of the diclectric response of these materials through the MPB region.' In those
studies the diclectric behavior of the [x = 0.45] composition was observed to
approach that characteristic of a normal ferroclectric but with the persistence of
some of the diffusencss characteristic of a relaxor ferroelectric. Further, the tem-
perature range required to observe the transition for this composition extended
somewhat beyond the practical range of the experimental set-up thereby affecting
data taken at the extreme upper limit of this range in such a way as to artificially
enhance the magnitude of the I’(s) values calculated from data taken at the highest
temperatures. Overall, the nature of the depolarization is seen to vary with com-
position in a manner appropriate to the state of the material in each of the four
regions defined for the system consistent with results obtained in previous inves-
tigations.!

The pyroelectric response of a material is generally rated for device application
by the figures of merit F(V) [p/K '] and F(D) | p/(K tn(a))2¢’] (¢": the volume
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heat capacity) which reficct the voltage response and detectivity respectively. '
A high F(V) is desirable for large arca device applications while a high valuc of
(D) is important for point detectors. The relatively high diclectric constant cou-
pled with moderate values of pyroelectric coefficient below T results in a low
voltage response {or all the compositions considered making them not particularly
well-suited for large area device applications. These compositions do, however,
show values of F(D) adequate for potential usc as point detectors. The VOD
compuositions in particular are promising candidates for ficld-stabilized pyroclectric
deviees. The uscfuiness of pure Pb(Scy;,Tay ;)05 materials operated under moderate
DC Ticlds has alrcady been established for such applications.®*-12 It has been dem-
onstrated that variably (dis)ordered (1-x)Pb(Scy,Tity2)O4-(x)POTIO, within the
VOD region respond 1o DC bias in a manner similar to that cxhibited by
Ph{Se, 1,005 The (1-0)Pb(Se ) Ta,,)O3-(x )P Ti0O, compositions in the VOD
region are, therelore, expected to exhibit figures of merit comparable to that of
the unmodificd material with the added fcature of being tailorable in response via
both compositional variations and heat treatiment.

SUMMARY

The tempennure dependence of the pyroelectrie coefficient and the depolarization
hehavior exhibited by compositions from the solid solution system (1-x)Pb-
(8¢, Ty, O () PH IO, indicate the existence of two structural phase boundaries,
a morphotrophic phase boundary [MPB] and another between variably (dis)ordered
[VOD} and invariably disordered compositions, in general agreement with dielectric
and x-ray diffraction data previously reported.! ‘The range of the MPB is observed
to be rather broad [x = 0.3-0.45] and some curvature to the boundary is evident.
The VOD phase region is clearly indicated by characteristic behavior within the
region and an abrupt change in the nature of the pyroelectric response at the VOD
phase boundary. These VOD compositions are particularly promising candidates
for field-stabilized pyroclectric device applications due to their excellent pyroelec-
tric response coupled with the versatility of design possible via simple variations
in composition and anncaling conditions.
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The temperature dependence of the pyroelectric and dielectric response as a function of a selected DC
electric bias field has been investigated for several different compositions of the PMN-based ceramic.
The selected DC electric bias field which gives the maximum pyroelectric coefficient was determined
by a study of the pyroelectric coefficient, measured by the Byer-Roundy method. at several poling
fields. The large values of the figure of merit (p/(K)"?) found in these PMN-based compositions, suggest
this material as a promising candidate for pyroelectric point detectors since this figure of merit is
comparable to the materials most widely used, TGS and LiTaQ,. for point detectors.

INTRODUCTION

Recent interest has been focused on the solid solution consisting of the relaxor
ferroelectric end member PbMgNb,,;O, (PMN) and the normal ferroelectric end
member PbTiO; (PT) for possible use in actuators' and transducers.? This interest
has evolved because of the large dielectric and piezoelectric constants that have
been reported in these materials. Throughout the entire solid solution, large di-
clectric values have been reported while large piczaclectric constants, have been
reported not only, near the morphotropic phase boundary® (realized by Choi er
al., on a ceramic composition, at room temperature, to be ~0.66 PMN-0.34 I'T)
but also, for those compositions with less lead titanate content where with the
application of an external clectric bias field a very strong piczoclectric effect is
induced.** For the compositions with less lead titanate, the application of an ex-
ternal DC bias field is necessary because for these compositions there is no net
stable remanent polarization.

In some of our earlier publications, studies of the piezoelectric, dielectric and
elastic properties of PMN-based ceramics under DC bias fields were made by laser
interferometry® and a resonance method,” however, a natural question arises as to
the pyroelectric properties of these ceramics as a function of DC bias. It is the
intent of this paper to explore the pyroelectric properties of some of the PMN-
based ceramic compositions, where with the application of an external electric field
a strong piezoelectric effect is induced. This investigation includes a study of the
effect of different poling voltages on each composition, the determination of the
electric poling field which gives the maximum pyroelectric effect and the values of
the pyroelectric and dielectric properties with this maximum electric poling field
applied to the sample as a DC electric bias field. The paper then goes on to calculate
the figures of merit for these compositions and based on one of these figures of
merit suggests a couple of the PMN-based ceramic compositions as promising
candidates for pyroelectric point detcctors.?
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EXPERIMENTAL PROCEDURE

Three different compositions of the PMN-based ceramic material were chosen for
a study of their pyroelectric and dielectric properties as a function of poling field.
These compositions are: 0.90 PMN-0.10 PT, 0.93 PMN-(1 47 PT and PMN with 1
mole % La. All of the compositions were prepared from reagent grade oxides
according to the Columbite precursor method® and hot uniaxially pressed. Hot
uniaxially pressing, as compared to traditional sintering methods, resulted in the
formation of highly dense (>99.5% theoretical) phase pure ceramics with a unitorm
microstructure and it is expected that these hot pressed ceramics will give optimal
pyroelectric and dielectric coefficients.

Pyroelectric measurements were made using the static method of Byer-Roundy.!°
In this method. a pyroelectric current is generated in the ceramic when its sur-
rounding temperatur: - changed so as to vary the spontaneous polarization of the
ceramic. This current 1s given by:

I = pAdTid: m

where p is the pyroclectric coefficient, A the electroded - - - face area ol . sample,
and dT/dr the rate at which the sample is heated or couicd.

In our experimental set-up the current (/) is measured on a picoammeter (HP-
4140B) and recorded on a computer (HP-9000). This computer also controls and
monitors the heating and cooling rates of the liquid nitrogen fed furnace (Delta
design 2300). Different DC electric bias fields were applied to the sample with a
Kiethly 240A high voltage power supply. A static value «-f the spontaneous polar-
ization is found by integrating p with respect to 7

The samples usc © in the Byer-Roandy method had are. bet 1 0.1 cm? and
0.4 cm? and thickn: .~es less than 0.4 mm. Gold electrodes wer “tered on the
top and bottom surfaces of the samples and a small amount of ai v silver paint
was brushed on the center of these gold electrodes so as to ensuic good electrical
contacts. The samples were prepared having an area with small dimensions so that
a uniform temperature could be maintained across the sample. The samples were
polished with 0.3 p Al,O, and were prepared thin so that large electric fields could
be applied to the sample. For all pyroelectric measurements made, a heating and
cooling rate of approximately 2°C/minutc was used.

For the three different PMN-based ccramic compritions, pyroe! ~tric coeffi-
cients at several «icrent poling fields, including zer- tield, were r  isured with
the intent of locating the maximur: nyroelectric coeffici: ut. The proceaure foliowved
for these measurements was: fir-: 1o heat the sample well above its Curie 1.1+ ¢,
then apply an electric field to the sample and cool the sample to a temperivure
well below its Curie range, next short-circuit the sample at its minimum temperature
and finally measure the pyroelectric current on heating with no field applied to the
sample. This procedure was followed for several electric fields, climbing in gradual
increments with the electric field, until the pyroelectric coefficient saturates or the
external threshold bias voltage of the picoammeter is reached.

Once the electric field which gave the maximum pyroelectric co-fficient was
found tor the limiting bias voltare of the picoammc! + was reached) 'his electric
field was then applied to the s: - = and the compu'  colle 1. 1 pyroclectric data
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on both a cooling and heating run. The temperature that the cooling cycle started
at was at least 25°C above the temperature at which the pyroelectric coefficient
had a maximum, and the temperature that the cooling cycle finished at was at least
25°C below the temperature at which the pyroelectric coefficient had a minimum.
Dielectric measurements were made as a function of temperature on cooling and
heating cycles at several frequencies for the three PMN-based ceramic composi-
tions. These measurements were made with no field applied to the sample and at
several different electric fields, including the field that gave the maximum pyro-
electric coefficient, thus, allowing us to calculate the figure of merit for each
composition at one electric field. The dielectric constant is determined by:

K = CllAg, )

where C is the sample’s capacitance, ¢ its thickness, A its area, and €, the electrical
permittivity of free space (8.85 x 1012 F/m). Measurements of the capacitance
were made on an LCR meter (HP4274A) and recorded on a computer (HP9816),
which similar to the Byer-Roundy method for making pyroelectric measurements,
controls and monitors the heating and cooling rate of the liquid nitrogen fed furnace.
The DC bias voltage was applied to the samples, via the LCR meter, by a high
voltage power supply (Keithly 240A) and the maximum voltage allowed is +200
volts. Sample preparation for the dielectric measurements is the same as that for
the Byer-Roundy measurements, hence the same samples used for making Byer-
Roundy pyroelectric measurements were also used for making dielectric measure-
ments.

RESULTS AND DISCUSSION

Presented in Figure 1 are the results of pyroelectric measurements made on 0.90
PMN-0.10 PT by the Byer-Roundy method. When no electric field is applied to
the sample and the pyroelectric coefficient and spontaneous polarization are mea-
sured on heating from — 100°C to 100°C, the maximum pyroelectric coefficient is
less than 7 x 10~* C/m? K and the maximum spontaneous polarization is less than
0011 ¢im’. I Fipase 1) the pyroelectrie coefficient is shown as a function of
temperatuie oves the tempeature sapge IRC 0 000 when v clectoe tebds
were applied to the sample on cooling. These measurements which show the cticet
of different poling voltages on this composition were made by the foflowing pro-
cedure: first the sample was heated to 100°C, then cooled to —100°C with an
electric field of either 1.0, 1.5, 2.0 or 2.5 kV/cm applied to the sample, next the
sample was short-circuited and finally pyroelectric coefficients were measured on
a heating cycle from —40°C to 120°C at 2°C/minute. The pyroelectric peak for
these four electric fields, over a temperature range of 160°C is very sharp. However,
since the width of each pyroelectric peak is less than 2°C, we chose to plot the
pyroelectric coefficient as a function of temperature over a smalier temperature
range, namely 18°C to 23°C, even though the pyroelectric peak is less distinct.
* Also, it should be noted that the interpretation of the data was aided by extrap-
olating the data around the pyroelectric peak, as indicated in Figure 1(b) with a
dashed line. For 0.90 PMN-0.10 PT the maximum pyroelectric coefficient (p ~
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FIGURE 1 Recsults of measurements made on 0.90 PMN-0.10 PT. (a) The pyroelectric coellicient as
a function of temperature when various DC bias fields are applied on a cooling cycle from 100°C to
— L°C and measurements are made on a heating cycle with zero ficld applied to the sampie. (b) The
spontancous polarization as a function of temperature corresponding to the pyroelectric coefficient
mentioned above. (c) Heating and cooling cycles of the pyroelectric coefficient as a function of tem-
peraturc when a 1.5 kV/iem DC electric bias field is apphicd to the sample during measurements. (d)
These measurements follow the same procedure as that discussed in Figure 1(c), however, they were
madc ninc months later and at this time the charge build-up on the electrodes had time to dissipate.

0.27 C/m? K) is rather large and occurs when an electric field of 1.5 kV/cm is
applied on cooling at a temperaturé near room temperature, about 20.2°C and
measurements are made on heating without an electric bias field applied to the
sample. Furthermore, we observe that the effect of an increase in the electric field
is not only to change the value of the pyroelectric coefficient but also to slightly
increase the temperature at which this maximum occurs. More specifically, for an
increase in field of ~1 kV/cm, the temperature corresponding to the maximum
pyroelectric coefficient increases by half a degree.

Curves of the spontaneous polarization as a function of temperature correspond-
ing to the pyroelectric measurements described for Figure 1(a) are shown in Figure
1(b) over the complete measured temperature range, that is —40°C to 120°C. The
maximum spontaneous polarization (~0.28 C/m?) occurs when an electric field of
1.5 kV/cm is applied to the sample on cooling and as expected the field to which
this maximum polarization corresponds is the field which gives the maximum py-
roelectric coefficient.

Results of the pyroelectric coefficient as a function of temperature, after applying
an electric field of 1.5 kV/cm to the sample, on a heating and cooling run from
-50°C to +50°C, are shown in Figure 1(c). For this electric field, on a cooling
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run, the pyroelectric cocfficient reaches a maximum of 0.124 C/m? K at 18.8°C and
on a heating run, the pyroclectric coefficient drops to 0.072 C/m? K at 25.9°C. This
change in the magnitude of the pyroelectric coefficient on cooling and heating could
be explained by the build-up of charge on the electrode. In Figure 1(d) resuits of
measurements made nine months later. just like those described for Figure 1(c),
are shown. The value of the pyroelectric coefficient on a cooling and heating cycle
remained the same (p ~ 0.06 C/m? K) and the extra build-up of charge on the
electrodes dissipates over time. The slight change in the values of the pyroelectric
measurements made nine months later is minimal and within experimental error,
The shift of the pyroelectric peak with temperature, observed in both Figure 1(c)
and Figure 1(d). when cooling and heating the sample can be explained by thermal
hysteresis.

Pyroelectric measurements made on 0.93 PMN-0.07 PT by the Byer-Roundy
method are shown in Figure 2. When no field is applied to the sample on heating
over the temperature range — 100°C to 100°C, the pyroelectric coefficients like
those of 0.90 PMN-0.10 PT are insignificantly small and less than 10-* C/m? K. In
Figure 2(a) the pyroelectric coefficient is shown as a function of temperature over
the range - 10°C to 0°C for the electric fields of 2.0, 2.5, 3.0, 3.5 and 4.0 kV/cm
applied to the sample. These measurements which show the effect of different
poling voltages on this composition were made following the same procedure de-
scribed for Figure 1(a) except that in order to find this composition’s maximum
pyroelectric coefficient it was necessary to apply larger electric fields 10 the sample.
For this composition, we also note that its pyroelectric peak would likely be more
distinct over a larger temperature range, however, over the small temperature
range plotted, —10°C to 0°C, the pyroelectric peak does not appear sharp, but
rather smooth. Furthermore, we find: the maximum pyroelectric peak to be 0.023
C/m? K, an order of magnitude less than 0.90 PMN-0.10 PT; the temperature
corresponding to the maximum pyroelectric peak to be —5°C, a temperature at
least 25°C less than 0.90 PMN-0.10 PT; the width of the pyroelectric peak to be
greater than 50°C, a width much greater than 0.90 PMN-0.10 PT and the electric
field (3.5 kV/cm) needed to achieve this maximum pyroelectric coefficient to be
larger than the electric field (1.5 kV/cm) needed to achieve the maximum pyro-
electric coefficient in 0.90 PMN-0.10 PT. However, it should be noted that there
is not a strong relationship between the increase in the electric field and the increase
in the measured value of the maximum pyroelectric coefficient. Also, corresponding
changes in the associated temperature are smatl.

For the same five different electric fields shown in Figure 2(a), the spontaneous
polarization is shown in Figure 2(b). As expected, and also observed in 0.90 PMN-
0.10 PT, the ficld which gives the maximum spontaneous polarization (~ (.27
C/m?) corresponds to the electric field which give the maximum pyroelectric coef-
ficient. '

Shown in Figure 2(c) are the results of the pyroelectric coefficient as a function
of temperature when a field of 3.5 kV/cm is applied to the sample on a cooling
and heating run. The magnitude of p is essentially constant at ~0.005 C/m? K
hence, there is no space charge build-up. Only a small amount of thermal hysteresis
is observed, as can be seen by the temperature corresponding to the pyroelectric
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FIGURE 2 Results of measurements made on 0.93 PMN-0.07 PT. (a) The pyroclectric coefficient as
a function of temperature is measured by the procedure discussed in Figure [(a). (b) The spontaneous
polarization as a function of temperature is measured by the procedure discussed in Figure 1(b). (c)
Heating and cooling cycles of the pyroelectric cocllicient as a function of temperature when, during
measurements, a 3.5 kV/cm DC electric bias field is applied to the sample.

peaks on a heating and cooling run, this temperature increases by only about 2°C
as compared to 0.90 PMN-0.10 PT where an increase of about 10°C is observed.

Results of the pyroelectric measurements made by the Byer-Roundy method,
on PMN with 1 mole % La, are shown in Figure 3. When no field is applied to
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FIGURE3 Results of measurements made on PMN with 1 mole % La. (a) The pyroelectric coefficient
is mcasured by a procedure similar to that discussed in Figure 1(a). (b) Heating and cooling cycles of
the pyroclectric cocflicicnt as a function of temperature when, during measurements, a 8.0 kV/iem DC
electric bias field is applied to the sample.

the sample on heating from — 180°C to 100°C, like the other PMN-based ceramic
compositions, the pyroelectric coefficient is insignificantly small. In Figure 3(a) the
pyroelectric coefficient is shown as a function of temperature over the temperature
range — 180°C to 100°C for the different electric poling fields, starting at 2.0 kV/
«m with successive increments of 1.0 kV/cm. Although the pyroelectric coefficient
did not saturate at 8.0 kV/cm, this was the maximum electric field applied to the
sample, since the external threshold voltage of the picoammeter is reached at this
" field. For this composition at 8.0 kV/cm the maximum pyroelectric coefficient has
a value of 0.0027 C/m? K and is two orders of magnitude less than the pyroelectric
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coefficient of 0.90 PMN-0.10 PT. This value of the pyroelectric coefficient for PMN
with 1% La occurs at a temperature of — 108.4°C when first, an electric field of
8.0 kV/cm is applied to the sample on cooling from 100°C to — 180°C and then,
when measurements arc made on heating over the same temperature range with
no field applied to the sample. The pyroelectric peak for this sample is very broad,
compared to (.90 PMN-0.10 PT and 0.93 PMN-0.07 PT. and may be explained by
the La in this sample’s composition. Also, it is noteworthy, that an increase of the
clectric ficld applied to the sample when on a cooling run not only resufits in the
increase of the values of the maximum pyroelectric cocfficients, as it did with the
other compositions discussed earlier, but also, results in the decrease in the tem-
perature at which this maximum pyroclectric cocfficient occurs. This temperature
decrease did not occur with either 0.90 PMN-0.10 PT or 0.93 PMN-0.07 PT. The
decrease in temperature is around 2°C 1o 5°C for an increase in electric field of
1.0 kV/em and may be a result of the La in this composition causing aging.

Mcasurements made of the pyroelectric cocfficient as a function of temperature,
after applying an clectric ficid of 8.0 kV/cm to the sample on both a cooling and
heating run, in the temperature range — 180°C to 20°C, are shown in Figure 3(b).
The pyroelectric peak on the cooling cycle is only slightly broader than the py-
roclectric peak on heating. The value of the maximum pyroelectric coefficient on
heating is only slightly greater than 0.001 C/m? K and yet, the value of the maximum
pyroclectric coefficient on cooling is only slightly greater than (.0008 C/m?® K. The
small difference in the values of p on heating and cooling could be due to the build-
up of charge on the electrodes also noted for 0.90 PMN-0.10 PT and discussed in
connection with Figure 1{c). For PMN with | mole % La some thermal hysteresis
is observed since the temperature corresponding to the maximum pyroelectric
cocfficient on heating and cooling differs by approximately 10°C.

For the three PMN-based ceramic compositions, capacitance measurements on
heating and cooling as a function of temperature at various DC electric bias fields.
including zero ficld were made. These measurements were performed with an ac
voltage of 1 volt and at several frequencies. The dielectric constant is calculated
by Equation 2, at 100 Hz. 1t is plotted as a function of temperature, as shown in
Figure 4, when the samples are cooled (at a rate of 2°C/minute) and measurements
were made on cooling with various DC electric bias fields, including zero field and
the field which gives the maximum pyroelectric coefficient. For each composition,
the temperature range covered for the dielectric measurements is practically the
same as the temperature range covered for the pyroelectric measurements. Thus,
later it will be possible to calculate the figure of merit for each composition at one
electric field.

Results of measurements made on 0.90 PMN-0.10 PT at 0.5, 1.0, 1.5 and 2.0
kV/cm are shown in Figure 4(a) when the sample was cooled from 50°C to - 50°C.
For an increase in the applied electric field, the Curie range increases and the
diclectric constant decreases. Also for this composition, we observe that when
cooling the sample for each different electric bias field, the dielectric constant drops
abruptly. For an increase in the applied electric field, these drops occur at higher
temperatures. Shown in Figure 4(b) are results of measurements made on (.93
PMN-0.07 PT at 2.0, 2.5, 3.0, 3.5 and 4.0 kV/cm when the sample was cooled from
50°C to —50°C. For an increase in the applied electric field, the Curie temperature
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decreases, and the dielectric constant decreases. Results of measurements made
on PMN with | mole % La at 2.0, 5.0 and 8.0 kV/cm, when the sample is cooled
from 50°C to — 180°C are shown in Figure 4(c). For an increase in the electric field
applied to the sample, the dielectric constant decreases while the Curie range
decreases slightly.

In Figure 5, dielectric and pyroelectric measurements are shown for each of the
PMN-based ceramic compositions investigated on a heating and cooling cycle with
an external electric bias field. The electric bias field for each composition was
chosen from a study on the cffect of poling for that composition. The poling field
which gave the maximum pvroelectric coefficient was selected. The dielectric con-
stamt was measured at 100 Hz. Listed in Table 1, for the three different compositions
on heating and cooling are: the figures of merit p/K, p/(K)"?, and p/(K tand)'?;
the value of the sample’s Curic range (T,) and the value of K at this temperature;
the temperature (7,) corresponding to the maximum pyroelectric coefficient and
the value of this coefficient; the values of K, p and tand at a measuring temperature
(T,,) which for both the heating and cooling cycle is at least 10°C below T, and
5°C away from T, hence the composition is in a stable region of its ferroelectric
phase. and. a footnote. for the sake of comparison with our PMN-based ceramics.
to the values of p. K and p/(K)'? for LiTaO, and TGS.

From Table 1. we see that the figures of merit (p/(K)"?) for 0.90 PMN-0.10 PT
and 0.93 PMN-0.07 PT. found at T,, and their maximum DC electric bias field,
are comparable to the figure of merits (p/(K)"?) for LiTaO, and TGS. two of the
most widely used materials for pyroelectric point detectors. However. we note that
the figure of merit for .90 PMN-0.10 PT and 0.93 PMN-0.07 PT can be superior
to that of LiTaO, and TGS if the measuring temperature (7,,) is moved slightly.
In Figure S(a). for 0.90 PMN-0.10 PT, il 7, is ~25°C (almost at the pyroclectric
peak) on a heating cycle with a 1.5 kV/cm DC bias field, p ~ 23.000 pC/m* K. K
~ 12.000 and p/(K)'? ~ 210 pC/m? K. Similarly in Figure 5(b). for 0.93 PMN-
0.07 PT. if T,, ~ 10°C (almost at the pyroelectric peak) on a heating cycle with a
3.5 kViecm DC bias field. p ~ 5000; pC/m? K, K ~ 14,600 and p/(K)"? ~ 41
nC/m? K; while for a T,, ~ 5°C, there is little change in the value for p/(K)'?, p
~ 4,000 pC/m? K, K ~ 10,000 and p/(K)'? ~ 40 nC/m? K.

SUMMARY

A study of the temperature dependence of the pyroelectric coefficient at different
poling fields for several of the PMN-based ceramic compositions has allowed us
to determine an electric bias field which when applied to a particular composition,
during heating and cooling cycles of pyroelectric measurements, will give the max-
imum pyroelectric coefficient. Next, a study of the temperature dependence of the
dielectric constant at various fields, including the field that gave the maximum
pyroclectric cocfficient, was made to aid in the calcslations of the figures of merit
for each composition at a sclected electric bias field. The figures of merit are
dependent on the measuring temperature that is chosen and for the PMN-based
ceramic compositions that we studied. the figures of merit also depend on the DC
clectric bias field applied to that composition. For 0.3 PMN-0.07 PT, at a mea-
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FIGURE S The pyroctectric and dictectric cocfficients as a function of temperature, on heating and
cooling cycles for (a) 0.90 PMN-0.10 PT under a 1.5 kV/em DC electric bias ficld, (b) 0.93 PMN-0.07
PT under a 3.5 kViem DC electric bias field and (c) PMN with 1 mole % La under a 8.0 kV/icm DC

electric bias field.
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suring temperature of 5°C and a DC bias field of 3.5 kV/em, p/(K)'? ~ 40 pC/m?
K and yet, for 0.90 PMN-0.10 PT, at a measuring temperature of 25°C and a DC
bias field of 1.5 kV/cm, p/(K)"? ~ 210 nC/m? K. These very large values of the
figure of merit. comparable and in some cases superior to LiTaO, (p/(K)'2 ~ 34
pC/m? K) and TGS (p/(K)'? ~ 64 n.C/m? K), two of the most widely used materials
for pyroelectric point detectors, suggest some of these PMN-based ceramic com-
positions as promising candidates for pyroelectric point detectors. Chynoweth
measurements, used to determine the dynamic pyroelectric response, are currently
underway to see how these materials function under more practical conditions.
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Chemical reactions of lead magnesium niobate titanate in the

presence of a glass
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A relaxor ferroelectric of composition 0.93Pb(Mg;3Nb,»)0;-0.07PbTiO; was sintered
with 3 wt. % commercial sealing glass at 750 °C for 30 min to achieve 295% of
theoretical density and a nearly pure perovskite phase. At higher glass additions (up

to 20 wt. %), higher sintering temperatures (up to 800 °C), and longer sintering times
(up to 4 h), the amount of perovskite (PMN type) decreases and that of pyrochlore
(6PbO - MgO - 3Nb, 05 or 3PbO - 2Nb,0s) increases. On sintering at 800 °C for 4 h no
perovskite phase is present in compositions with even 1% glass addition. The reaction
of glass with the PMN phase was found to lead to the disappearance of the perovskite.
Addition of 0.1 to 0.6 wt. % MgO to compositions containing 1 and 3 wt. % glass
(and balance PMN-PT) resuits in essentiaily pure PMN perovskite phase on sintering
at 700-800 °C for 30—240 min, confirming that the reaction of glass with PMN and
depletion of MgO from PMN can be arrested. The sintered ceramrics exhibit relaxor
behavior and possess dielectric properties essentially commensurate with the phase

composition.

I. INTRODUCTION

Lead magnesium nicbate, PbMg;3Nb,30; (PMN),
is a typical relaxor ferroelectric! in which the Mg?* and
Nb** ions are randomly distributed over the B sites of
the ABO; type perovskite lattice. The Curie temperature
of PMN (~ —15 °C) can be raised to around 25 °C by
forming a solid solution (0.93PMN-0.07PT) with lead
titanate, PbTiO; (PT), which is a well-known ordered
ferroelectric with a Curie temperature of 490 °C involv-
ing a first order cubic to tetragonal phase transition.
The PMN-PT compositions exhibit larger electrostrictive
strains and dielectric constants than other perovskites
such as BaTiO;* and lead zirconate titanate ceramics.*
However, the full exploitation of these materials has been
hampered due to the occurrence of a pyrochlore phase
with a low dielectric constant (~200) during the syn-
thesis of PMN and the loss of PbO at the high sinter-
ing temperatures (~1300 °C) required for achieving the
necessary densification. The problems in the syathesis
of PMN have been reviewed by Shrout and Halliyal.s
The occurrence of the undesired pyrochlore phase can
be minimized (or even eliminated) by a precursor route
in which MgNb,O4 of columbite structure is formed first,
which then reacts with PbO to form PMN,S or by using
ultrapure starting materials,” or by adding excess MgO
(2-10%).%'° However, excess PbO and MgO lead to
lowering and aging of dielectric properties of PMN.!!12

YPermanent address: Tata Research Development and Design Center,
Pune, 411001, India.
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The high dielectric constant of PMN-type materials
makes them good candidates as dielectrics for multilayer
capacitors. The curreat multilayer capacitor manufacrur-
ing technology requires co-firing of the stack of dielectric
and electrode layers at a sufficiently low temperature to
permit the use of silver-rich or base metal electrodes. It
is, therefore, important to lower the sintering tempera-
ture of PMN-type materials from the usual 950 °C for
4 h to 1300 °C for 0.5 h'* to below 900 °C. By using
fine particle material obtained by high energy milling,
Papet et aL'* have obtained >95% of theoretical density
at a sintering temperature of 950-1050 °C for 2 h or by
hot pressing at 825-890 °C for 2 h.

The sintering temperature of ferroelectric ceramics
has been customarily reduced by liquid phase sintering. '’
In the case of PMN, lead germanate (PbGe;Op;),'6
excess PbO'1® or LiNO;® has been used as sin-
tering aids. Thus, Megherhi'® has lowered the sinter-
ing temperature of 93PMN-7PT from 950 °C/4 h or
1050 °C/0.5 h to a range of 850° to 950 °C for 0.5
to 4 h with lead germanate (1-3 wt.%) as a sinter-
ing aid and achieved >95% of the theoretical density.
With 6% excess PbO, a density of 90% of theoretical
is achieved for 92.5PMN-7.5PT at 1000 °C for 6 b’
and, with 1-2% excess PbO, Guha er al'® sintered
92PMN-8PT at 950 °C for 3 h to 97% of theoretical
density. Addition of 2-4 mol % LiNO; to 93PMN-7PT
produced ~95% of theoretical density of sintering at
850 °C for 30 min.®

The purpose of the present work is to lower further
the sintering temperature of 93PMN-7PT ceramics to

© 1991 Materials Research Society 1
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800 °C or less by using a commercial sealing glass
and to examine the development of phases and physical
properties of the resulting ceramics.

ll. EXPERIMENTAL

The 93PMN-7PT power (Edo Corporation, Salt
Lake City, UT) has the cubic perovskite type struc-
ture. The sintering aid was a sealing -glass (Corning
7555, Coming Glass Works, Coming, NY) with the fol-
lowing stated characteristics: composition (wt. %) PbO
(60-80), B,O; (10-30), SiO; (1-20), Al205 (1-20),
Zn0 (1-20); density 5.7 g/cc; thermal expansion co-
efficient 2 x 10~7/°C; softening temperature 415 °C;
dielectric constant 13.7 at 25 °C and 1 kHz. Chemical
analysis indicated this glass to be primarily a lead bo-
rate with small quantities of Al;0; and SiO;. Four com-
positions with 1, 3, 10, and 20 wt. % glass (the rest is
PMN-PT) were prepared by mixing in plastic contain-
ers with zirconia media and ethyl alcohot for 24 h. The
mixtures were dried at 80 °C for 24 h, mixed with 2%
polyvinyl alcohol, and pressed into pellets at 105 MPa.
After binder removal at 350 °C for 3 h at 550 °Cfor 3 h,
the pellets were sintered at 700°, 750°, and 800 °C for
0.5 and 4 h. The heating rate was 5 °C/h and cooling
rate 3 °C/h.

The densities were measured by the Archimedes
water displacement method and grain sizes by scan-
ning electron microscopy of fractured surfaces. The
phase identification of the sintered samples was by
x-ray diffraction with CuKq radiation.

The dielectric constant and loss of sintered pellets
with sputtered gold electrodes were measured on an
automatic system consisting of a temperature control
box (Model 2300, Delta Design, Inc., San Diego, CA)

100

30 Mia.
800 C
e -— 750 C
a 90
2 700 C
]
3
2 80
[
70 ¢ 2
o 10 20

Weight % Glass

and an LCR meter (Model 4274A and 4275A, Hewlett
Packard, Inc., Palo Alto, CA) at a frequency of 0.1, 1,
10, and 100 kHz as the samples were cooled at the rate
of 2 °C/min from 200 °C to —50 °C through the phase
transition.

{il. RESULTS AND DISCUSSION
A. Density and weight loss

The density and weight loss of all sintered sam-
ples are summarized in Table 1. As expected, the density
increases with sintering temperature (700° to 800 °C)
in all cases, particularly between 700 °C and 750 °C
[Fig. 1(a)]. Increasing the sintering time from 0.5 to
4 h at a fixed temperature had a relatively minor ef-
fect on density (Table I), suggesting that a short sin-
tering time (0.5 h) is adequate. Of the compositions
tried, those with 3 wt. % glass exhibited maximum den-
sification (95~97% of theoretical) at 750° and 800 °C
[Fig. 1®)}-

The weight loss was <1% when the glass content
was €10% and sintering temperatures were 700° and
750 °C for 30 min (Table I). The same samples showed
up to 1.3% weight loss at 800 °C for 30 min and up to
1.8% when the sintering time was increased to 4 h at
700° to 800 °C. The samples containing 20 wt. % glass
exhibited weight losses up to 2% for sintering times of
30 min and up 1o 3.6% for 4 h at 700° to 800 °C. These
weight loss values may be compared with 0.5 to 1.1%
when 93PMN-7PT is sintered in PbO-rich atmosphere
at 950° to 1250 °C for 0.5 h!® and with 1 to 15.7%
for compositions in the PbO-MgO-Nb,Os system at
980 °C for 4 h in oxygen, the weight loss in this case
increasing with PbO content at fixed MgO content.?!

100
30 Mia. 3%
10%

90 9

80

% Thaoretical density

70

700 120 740 780 780

Temperature C

FIG. 1. Variation of density (% theoretical) with wt. % glass added (left) at 700, 750, and 800 °C for 30 min and with sintering temperature

for 30 min; (right) for PMN-PT with 1, 3, 10, and 20 wt. % glass.

2 J. Mater. Res., Vol. 8, No. 6, Jun 1991




V. Srikanth and E.C. Subbarao: Chemical reactions of lead magnesium niobate 'tanate

TABLE 1. Properties of sintered 0.93PMN-0.07PT compositions.

——
Sintering temperature, °C

300

30 min 240 min 30 min 240 min 30 min 240 min
O wt. % glass
% theo. density 74.1 78.2 76 81 80.3 84.6
1 wt. % glass
Density, g cm™? 6-582(6.24)(6.17)  6.61(6.36){6.23]  6.981(6.55)(643]  6.996(6.63)[6.47) T.1926.73)[6.54]  7.262(6.79)(6.57)
% theo. density 81.4(782)(T79]  81.7(79.8)(78.6]  86.3(821){81.2]  86.6(83.1)(81.8]  88.9(843)(82.6)  89.7(85.1)(82.9)
% perovskite 80 96(100){100] 100(99)[100] 100(100)(100] 0(100){97]
% wt. loss 0.6 0.9 0.6 0.9 0.7 1.0
3wt % glass
Density, g cm—> 6-613(6.12)[5.97]  6.882(6.18)(6.03] 7.611(6.54)(6.32]  7.698(6.59)[6.37) 7.823(6.79)[6.43]  7.861(6.85){6.47]
% theo. density S24(79.4)(78.6)  85.9(802)(79.4] 94.4(848)(832)  95.5(85.6)[839]  96.4(88.1)84.6]  97.(88.9)(85.1)
% perovskite 100 75 95(100){100) 95(100)[100] 75(98){100) 0(97){100]
% wt, loss 0.8 09 0.8 1.0 0.9 11
10 wt. % glass
Density, g cm=> 6.614 6.682 6.984 6.991 7.182 7.168
% theo. density 84.4 85.7 89.6 89.7 92.1 91.9
% perovskite 80 70 80 65 50 0
% wt, loss 09 L1 10 17 13 18
20 wt. % glase
Density, g cm=> 6.411 6.481 6.712 6.819 6.946 6.912
% theo. density 85.6 86.5 89.6 92.0 92.7 92.2
% perovskite 45 35 50 60 40 0
% wi. loss 14 21 18 24 20 3.6

() Represents compositions in which 10% of the glass is replaced by MgO.
[ ] Represents compositions in which 20% of the giass is replaced by MgO.

B. Phases

The x-ray diffraction patterns of the sintered samples
showed the presence of a cubic perovskite type phase
(PMN) or a pyrochlore type phase or a combination
of the two. The amount (%) of the perovskite phase is
estimated from the x-ray diffraction intensities of the
(110) line of perovskite and that of the (222) line of
pyrochlore as follows:

I(110)

—19_ 100
Taie) + T2z

% perovskite =

Nearly single phase perovskite (PMN) was obtained
when samples with 1% glass were sintered at 700°,
750°, and 800 °C for 30 min and those with 3% glass
sintered at /00° and 750 °C for 30 min (Table I). Sam-
ples with 10 and 20 wt. % glass sintered at 700°-800 °C
for 30 min and those with 3% glass sintered at 800 °C
for 30 min contained only 20~-60% perovskite, the per-
ovskite content generally decreasing with increase of
sintering temperature for 3 given glass addition or with

increase in glass addition for a fixed sintering tempera-
ture (Table I). For a given glass addition and sintering
temperature, the perovskite content almost always de-
creased when the sintering time was increased from 0.5
to 4 h (Table I). At all the sintering temperatures and
times employed, the amount of the perovskite phase
steadily decreased with increasing glass addition. A most
remarkabie feature was that the perovskite phase was ab-
sent in all samples with as little as 1% glass to as high
as 20% glass when they were sintered at 800 °C for 4 h.
This is clear from the x-ray patterns of a sample with 1%
glass addition sintered at 800 °C for 30 min (only PMN
phase is present) and for 4 h (PMN is absent) as well
as one with 3% glass addition under the same sintering
conditions, where the perovskite phase predominates for
0.5 h sintering and is absent for 4 h sintering (Fig. 2).
Loss of PbO is known to decrease the perovskite con-
tent during the preparation of PMN. Provision of PbO
atmosphere® or addition of extra PbO during milling!*!3
maximizes the perovskite content. When PbO-rich glass
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FIG. 2. X-ray diffraction patterns of PMN-PT with (3) 1 wt. % glass and (b) 3 w1. % glass, sintered at 800 °C. Note the predominance of the
perovskite phase for a sintering time of 30 min (top) and the absence of perovskite phase for a sintering time of 4 h (bortom) for both compesitions.

is used in the present work, the perovskite phase ap-
pears to.be destabilized at very low (1%) glass additions
and at relatively low temperatures (800 °C). This may
be due to the gradual depletion of MgO from the PMN
by some coastituent such as B,0s;, SiOy, or Al,05 in
the sealing glass employed. It is known that when PMN
becomes deficient in MgO, a cubic pyrochlore phase
of approximate composition Pb;g3Mgo29Nb; 710629 oOF
PbgMgNbsOx, arises.? When MgO is completely de-
pleted, one or more lead niobate phases may appear.
Chen and Harmer® have shown that the increase of
Nb,Os at the expense of MgO in the PbO-MgO~Nb,0s
compositions increases the pyrochlore content steadily
until the perovskite phase totally disappears. On the other
hand, the addition of 2-10% excess MgO to PMN-based
ceramics minimizes and even eliminates the formation
of the pyrochlore phase.®°

The possible reactions in the PbO-~MgO-Nb,Os
system in the vicinity of the PMN phase may be depicted
as follows:

9 [Pb (Mguszg/;O;)] —

PbeMgNbgO22 (~ Pby.saMgg 26Nb1.7106.39)
+ 3Pb0 +2MgO (1)

or

€))
PbsMgNbs 022 — 3(PbsNb20O7) + MgO  (3)
PbgMgNb,O22 — 3(Pb, sNb20g s) + 1.5PbO + MgO
@)

PbgMngc()n — PbsNbOy5 + PbO + Mng205
&)

PbgMgNbgO22 — PbsNbO;5 + PbNb,Og + MgO
O)
These reactions involve PMN (cubic perovskite with a =
0.4049 nm), Pb\_uMgo”Nbl,n 0539 or PbsMngQOzz
(cubic pyrochlore with a ~ 1.060 nm),2 and five
lead niobate phases in order of increasing PbO

content: PbO-Nb,Og (tetragonal and rhombohedral);
3PbO - 2Nb, 05 (or PbsNbOy3 or Pb; sNb2Ogs), which

4 J. Mater. Res., Vol. 8, No. 8, Jun 1991
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TABLE 1. Phases in sintered samples.

o

o 1% glasy 3% glass 10% glass 20% glass
Sintering
Termp. (°C)  Major Minor Major Minor Major Minor Major Minor
Sintering time: 30 min
700 PMN PMN PMN PsMN;, P;N; PMN
P¢MN;,
750 PMN Py () PMN Py (tr) PMN PN, PsMN; PMN
(PMN) (PMN) PyN;
[PMN] {PMN]
800 PMN Py(tr) PMN P3N, PMN P3N, PsMN, PMN
(PMN) (PMN) (Py(tr)) PsMN;
{PMN]} [PMN]
Sinte@s time: 240 min
700 PMN PsMN; PMN PsMN, PMN PsMN; PiN2 PMN
P3N, () PsMN;
750 PMN PMN PsMN, PMN PsMNy PMN PsMN,
(PMN) Py(tr) (PMN) P;N: ()
[PMN] [PMN]*
800 PsMN; Unknown P¢MN,3 Unknown PsMN, PsMN,
(PMN) (PMN) (Py(m)
[PMN]*

P = PbO; M = MgO; N = Nb;0s; Py = pyrocholore.
() Refers to compositions with 10% of the glass replaced by MgO.
[] Refers to compositions with 20% of the glass replaced by MgO.
* Represents splitting of the perovskite lines.

is a cubic oxygen-deficient pyrochlore with a =
1.056 nm); 2PbO - Nb;Os (or PbyNb,O,), which is
a distorted pyrochlore of monoclinic symmetry with
a = 13021, b = 0.7483, ¢ = 3.4634nm, and 8 =
125.3°; 5PbO - 2Nb;0s or PbsNbO,s, which is mono-
clinic with a = 1.22948, b = 0.7419, ¢ = 3.3614 am,
and § = 108°66; 3PbO - Nb,Os or PbyNb,0O3, which
is a distorted pyrochlore of tetragonal symmetry with

= 0.7536 and ¢ = 1.0829 nm. It may be noted that
four of these lead njobates (PbO:Nb.Os = 3:2, 2:1,
5:2, and 3:1) are cubic or distorted pyrochlores with
increasing PbO conteat. Thus, any one or more of these
lead niobates may be formed, depending upon the avail-
ability of PbO and the kinetics of formation.

In the present work, PMN was fouad to be
the predominant (>50%) phase when the glass addi-
tion was €10 wt. % and sintering temperatures were
700°-800 °C for 30 min, while the pyrochlore phase
dominates with a glass addition of 20 wt. % under the
same sintering conditions. When the sintering time is
increased to 4 h, PMN is the major phase for glass ad-
ditions of <10 wt. % and sintering temperatures of 700
and 750 °C with pyrochlore phases dominating for glass

additions of <10 wt. % at 800 °C and for glass additions
of 20 wt.% at 700°-800 °C (Table II). The effect of
sintering temperature (700°, 750°, and 800 °C) and sin-

‘tering time (30 and 240 min) on the gradual disappear-

ance of the perovskite phase in the sample with 3 wt. %
glass addition is shown in Fig. 3. The presence of the
pyrochlore phase as the predominant phase with some
diffraction lines unaccounted for in all samples sintered
at 800 °C for 4 h is shown in Figs. 4, 2(b), and 2(d). It
is noteworthy that PbO, MgO, and MgNb,Os are not de-
tected in any of the samples. Wang and Schulze'® have
detected MgO inside grains and in the intergranular re-
gions in SEM backscattered images of PMN-5% MgO
samples. No clear evidence for the noncubic pyrochlore
lead niobate phases is available in the x-ray patterns.

It may be recalled that the weight loss in most
cases was £1% and only in an extreme case it was
3.6%. Therefore, the reaction products must be as per
Egs. (1)-(6). If some compounds are not found, then
the corresponding reaction products must be below the
limit of detection by x-ray diffraction (~2%) if they are
crystalline or, alternately, must be present in an amor-
phous state. Thus, on sintering PMN-PT with <10 wt. %
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glass addition at 700° and 750 °C for 30 min, reaction
(1) with PsMN, as the predominant phase occurs. Under
other cond.tions employed in the present study, reaction
(4) also takes place with P;N; as the major phase. No
clear x-ray evidence could be found for reactions (2), (3),
(5), and (6), involving 3PbO - Nb,0s, SPHO - 2NbyOs,
2P0 - Nb,0s, PO - Nb;Os, and MgNbOg as reac-
tion products. The other reaction products of Egs. (1)

0
10 20 30 40 50
100] = 3% /150 C240 Mi
; 2
< o~
504 s
9 % = et
5 Q A" s .-
- : o 8
o
0 J “ ﬁ*‘,ﬁJLvuL-LA— L
10 20 30 ) 50
100 =
] 3 3wt% /300 C/240 Mi
- 2
= e
f ™~ - ﬁ
o~ .
e. -—
o~

10 20 30 a0 50
F1G. 3. X-ray diffraction patterns of PMN-PT with 3 wt. % glass sintered at 700, 750, and 800 °C for 30 miu and 4 b, as marked. Note the
gradual disappearance of the perovskite phase with increasing sintering temperature and sintering time.

and (4), namely PbO and MgO, also could not be de-
tected in the x-ray patterns. It is assumed that these
oxides combine with the constituents of sealing glass
(Pb0O, Si0,, B,0;, Al;0,) to form a glassy phase.

The present study which involves reaction of
preformed PMN-PT with a PbO-rich glass cannot be
directly compared with the earlier studies of reaction
sequence in the synthesis of PMN from the constituent

L] J. Mater. Res., Vol. 6, No. 6, Jun 1991
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FIG. 4. X-ray diffraction patterns of PMN-PT with 10 (top) and 20 wt. % glass (bottom) sintered
at 800 °C for 4 h. Note the predominance of the pyrochlore phase.

oxides (PbO, MgO, and Nb;0;).5% The question that
can, however, be asked is: When 1 to 6 wt. % excess
PbO is found to be beneficial in obtaining nearly pure
PMN phase (with near absence of the pyrochlore phase),
why is the result different in the present case when
1-20 wt. % PbO-rich glass is added? The relatively poor
stability of lead-based perovskites such as PMN and the
greater stability of the lead-based compounds with defect
pyrochiore structure has been discussed by Shrout and
Halliyal.’ The greater affinity between PbO and Nb,Os
than between PbO and MgO leads to easy decomposi-
tion of perovskite PMN into cubic pyrochlore PsMN; or

P;N,, particularly in the presence of some species which
can dissolve or react with MgO casily, such as some of
the constituents in the sealing glass. This undesirable
development of the pyrochlore phase can be avoided
by using minimal (1-3%) glass addition and sintering
at 750 °C to achieve 295% of theoretical density and
nearly pure PMN phase. This may be compared with a
sintering temperature of 900 °C for 6 h when 4-6 wt. %
PbO is used as a sintering aid for PMN to achieve the
same end product?s and the sintering of PMN-7.5PT with
6 wt. % excess PbO at 1000 °C to obtain 90% of theo-
retical density.!”
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TABLE III. Selected diffraction lines in sintered sample.

W—‘ ———
700 °C 750 °C 800 °C
Wt %
gass 30 min 240 min 30 min 240 min 30 min 240 min Diffraction lipe
0 0.2852 Perovskite (110), am
1 0.2847 0.2851 0.2843 0.2871 0.2852 . e Perovskite (110), om
0.3046 0.3041 0.3046 0.3062 Pyrochlore (222), am

k] 0.2831 0.2839 0.2854 0.2851 0.2840

. . Perovskite (110), am
0.3030 0.3047 0.3043 0.3036 0.3032 Pyrochlore (222), nm
10 0.2862 0.2850 0.2852 0.2854 0.2834 . Perovskite (110). am
0.3056 0.3040 0.3043 0.3046 0.3027 0.3033 Pyrochlore (227), nm
0.3044
20 0.2842 0.2848 0.2833 0.2867 0.2835 .. Perovskite (110), nm
0.3032 0.3033 0.3023 0.3063 0.3027 0.3033 Pyrochlore (222), am
e — 3
700 C/30 Min
Iwt% Int% [0wt% 20wt%

%

100 00

2 = ¥

3 2 3 ol e
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~ 80
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FIG. S. Portion of the x-ray diffraction patterns of PMN-PT with (a) 1, (b) 3, (c) 10, and
(d) 20 1. % glass, at 700 °C for 30 min. Note the shift of the (110) line of perovskite
at ~0.28 nm and the (222) line of pyrochiore at ~0.31 nm, with composition.
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FIG. 6. The splitting of x-ray diffraction lines is illustrated by PMN-PT with 3 wt. % and 10 wt. % glass, sintered at 800 °C for 30 min.

The (110) peak of the perovskite (PMN) phase oc-
curs at 0.2847 = 0.0004 (a = 0.4026) am for most of
the sintered samples, though values as low as 0.2834
(a = 0.4007) nm and as high as 0.2871 (@ = 0.4060) am
have also been observed (Table II[) in some cases.
These variations may indicate that the composition of
PMN may accommodate some range of Mg/Nb ratio
as well as excess PbO.!! The most common pyro-
chlore phase encountered in this work is PsMN,
(P = PbO,M = MgO, N = Nb,0s), which is cubic with
a = 1.060 nm, followed by P;N; which is also cubic
with a slightly smaller cell edge (a = 1.056 nm). It is
therefore difficult to distinguish between these two cubic
pyrochlores, though the intensities of some of the diffrac-
tion lines differ significantly. The lattice parameter and
relative intensities were the basis for the phases indicated
in Table II. Guha and Anderson® bave reported solid so-
lution between the two cubic pyrochlores (PsMN3; and
P3N;). The x-ray patterns of samples with 1 to 20 wt. %
glass addition sintered at 700 °C for 30 min, shown in
Fig. 5, clearly demonstrate the shift of the perovskite and
pyrochlore lines with the amount of glass added (see
Table 11 also). The splitting of the lines corresponding
to the perovskite and the pyrochlore phases in samples
with 3 and 10 wt. % glass addition sintered at 800 °C

» .30 . ©

for 30 min is illustrated in Fig. 6.

Another important observation during the present
work concerns the anomalous variations in the x-ray
diffraction intensities of the perovskite (110) and py-
rochlore (222) lines as well as the sum of the inten-
sity of these two lines as a function of the amount of
glass addition, sintering temperature, and time (Fig. 7).
The data for 30 min and 240 min are plotted separately.
There is a steep decrease in the Jpemv as the glass con-
tent is increased from 1 to 3 wt. % at 700°, 750°, and
800 °C for 30 min. This is not accompanied by a cor-
responding increase in Jpyo Of Jiw. This may mean
the perovskite PMN significantly reacts with the seal-
ing glass without forming any new crystailine phase.
There is only a small gradual decrease in [ierov and 2
corresponding increase in I, as the glass content is
increased from 3 10 20 wt. % at 700° and 750 °C for
30 min. This leaves Iy, nearly unaffected in these cases.
However, at 800 °C for 30 min, there is an increase
in Jperrw between 3 and 10 wt. % glass and a decrease
between 10 and 20 wt. % glass. Under the same con-
ditions, Ip,,, increases steeply between 3 and 10 wt. %
glass and less steeply between 10 and 20 wt. % glass.
As a consequence, there is a steep increase, followed
by a slight decrease, in I as the glass content in-
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creased from 3 to 10 and 10 to 20 wt. %, respectively.
Thus, at 700° and 750 °C, part of the PMN is trans-
formed into a pyrochlore phase. At 800 °C, some of the
amorphous phase which had already been formed by re-
action of PMN with the sealing glass crystallizes as a
pyrochlore phase. The behavior of Jpenv On sintering for
240 min is geaerally similar to that for 30 min, except
that Jperov = 0 for all compositions sintered at 800 °C
for 240 min and I, increases steeply with increas-
ing glass addition, under these conditions. Further, for a
givea glass addition sintered at 700° to 750 °C, thereis a
general decrease in Jperov, While Ipyy remains unchanged
or increases somewhat as the sintering time is increased
from 30 to 240 min. At the same time, for all glass ad-
ditions sintered at 800 °C, Jperov drops to zero and Jpy,
increases steeply as the sintering time is increased from
30 to 240 min. This clearly indicates that the pyrochlore
phase crystallizes from the amorphous mass at 800 °C
and the amount of crystallized pyrochlore increases with
time, as expected.

C. Testing of the hypothesis

The above results clearly indicate that the sealing
glass employed here reacts with PMN-PT at as low
a concentration of glass as 1% and as mild sintering
conditions as 700 °C/4 h or 750 °C/30 min (Table I)
to give rise to the undesirable pyrochlore phase. This
is attributed to the depletion of MgO from PMN and
possible enriching the glass in MgO. In order to test the
above hypothesis, a set of samples were prepared using
the same PMN-PT and sealing glass as before, except
that 10 and 20 wt. % of the glass is replaced by MgO.
The original compositions with 1 and 3 wt. % glass and
the corresponding modified compositions are given in
Table IV. Thus, 0.1 to 0.6 wt. % excess MgO was added
to the overall batch composition before calcination and
processed in the same manner as the original samples,
including sintering at 700, 750, and 800 °C for 30 and
240 min.

The results of these experiments are also included
in Tables I and II. The sintered densities decreased with
increasing MgO addition under the same sintering con-
ditions. The trend of densification with % glass and sin-
tering conditions is the same with and without MgO
addition. The most significant result is the ar ab-
sence (0-3%) cf the pyrochlore phase whei. 0.1 to
0.6 wt. % MgO w.s added to the batch compositions.
This is brought out clearly in Fig. 8, illustrating the
x-ray diffraction patterns of four compositions sintered at
800 °C for 4 h, which may be compared with the x-ray
patterns {Figs. 2(b) and 2(d)) of the same compositions
without the MgO addition sintered under the same con-
ditions. This conclusively establishes that the provision
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FIG. 7. X-ray diffraction intensities of (110) line of perovskite, (220)
line of pyrochiore, and the sum of these two as a function of glass
addition at different sintering temperatures (700, 750, and 800 °C) for
sintering times of 30 min (top) and 4 h (bottom).

of an altermate source of MgO prevents the depletion
of MgO from PMN by reaction with glass and thereby
retains the perovskite form of PMN intact. It is also re-
markable how little (0.1%) MgO addition is necessary
to maintain the perovskite PMN phase.

Two further observations may be made regarding the
x-ray diffraction data: one concerns the large increase in
I,10 of perovskite when MgO is added (Fig. 9), sug-
gesting that the reaction between PMN-PT and glass
(and consequent decomposition of PMN) is drastically
decreased by the addition of MgO into the batch com-
position. The second observation concerns the splitting
of the perovskite diffraction lines when 0.6 wt. % MgO
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FIG. 8. X-ray diffraction patterns of compositions sintered at 830 °C for 4 h. (a) 99PMN-PT, 0.9 glass, 0.1MgO; (b) 99PMN-PT, 0.8
glass, 0.2MgO; (c) 97PMN-PT, 2.7 glass, 0.3Mg0O; and (d) 97PMN-PT, 2.4 glass, 0.6MgO. Note the near absence of pyrochlore phase.

Compare with Figs. 2(b) and 2(d).

TABLE IV. Original and modified compositions (wt. %).
3

Modified
Original 6 @
PMN-PT 99 99 %9
Glass 1 0.9 08
MgO 0.1 02
PMN-PT ” 97 97
Glass 3 27 24
Mg0 03 0.6

In (1) and (2), 10 and 20% of glass is replaced by MgO,
respectively.

is added to the batch (Fig. 10). The intensity of the split
lines (e.g., 110) is nearly half of that when no split-
ting takes place, suggesting the possible coexistence of
two perovskite PMN phases with slightly different lat-
tice parameters (and compositions). No MgO could be
detected in the x-ray patterns.

-D. Microstructure

The scanning micrographs of PMN-PT samples sin-
tered at 750 °C for 30 min with 1, 3, 10, and 20 wt. %
glass addition are shown in Fig. 11. The samples with
1 and 3 wt. % glass show a more or less uniform. mi-
crostructure with an average grain size of about 3 um,
while the samples with 10 and 20 wt. % glass show a
bimodal distribution of grain sizes with the larger size
(about 5 um) being 2-3 times the smaller grains. The ef-
fect of sintering temperature (700° and 800 °C) and time
(30 and 240 min) on the microstructure of a sample with
3 wt. % glass additicn, illustrated in Fig. 12, indicates
that the grains become more rounded as the sintering
temperature is increased from 700° to 800 °C for 30 min
or when sintering time is increased from 30 to 240 min
at 700 °C and more particularly at 800 °C. In fact, the
original crystallite shapes seen in the sample sintered
at 700 °C for 30 min are nearly obliterated in the sam-
ple sintered at 800 °C for 240 min. Raising the sintering
temperature from 700° to 800 °C is more effective than

J. Mater. Res., Vol. 6, No. 6, Jun 1921 "
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FIG. 9. X-ray diffraction intensity of (110) of perovskite PMN-PT
for compositions sintered at 750 °C for 30 and 240 min as a function
of MgO addition (0, 10,and 20% of glass).

increasing the sintering time at 700 °C from 30 min to
240 min in rounding the grain shapes. An enlarged view
of the sample with 20 wt. % glass addition, sintered at
750 °C for 30 min {shown in Fig. 11(d)}, displays grains
with octahedral morphology (Fig. 13), which were iden-
tified by Chen and Harmer® as pyrochlore. The presence
of an amorphous or glassy phase facilitares the develop-
ment of the octahedral morphology.

E. Dielectric properties

All the samples, irrespective of the perovskite con-
tent, show relaxor tvpe dielectric behavior, as shown
in Fig. 14 for samples with 3 (sintered at 700 °C for
30 min) and 20 (sintered at 750 °C for 30 min) wt. %
glass. The peak dielectric constant increases with glass
additions up to 3 wt. % and decreases at higher glass
contents. This is clearly related to the amount of the per-
ovskite phase present, since both the pyrochlore and the
amorphous phases have low dielectric constants. Since
many samples in the present study were diphasic, no
detailed study of diclectric properties was undertaken.

IV. CONCLUSIONS

(1) The relaxor ferroelectric composition 0.93PMN-
0.07PT can be simtered to >95% of theoreticat density
and with nearly pure perovskite phase at 750°-800 °C
for 30 min by adding 3 wt. % of commercial scaling
glass.

(2) The amount of the perovskite phase decreases
and that of the pyrochlore phase increases with increas-
ing glass content (up to 20 wt. %), sintering temperature
(up to 800 °C), and time (up to 4 h). The perovskite
phase is absent in all samples sintered at 800 °C for 4 b,
even with the addition of 1 wt. % glass.

(3) The important role that depletion of MgO from
PMN plays in destabilization of PMN is clear. The
presence of a second phase (crystalline or glassy) which
can accommodate MgO contributes to the instability
of PMN.

(4) The addition of 0.1 to 0.6 wt. % MgO to the
batch compositions originally containing 1 and 3 wt. %
glass results in a pure perovskite phase, when the sam-
ples are sintered at 700-800 °C for 30 to 240 min.

(5) The grain size remains nearly constant at 3 um
in the range of glass addition and sintering conditions
employed. The microstructure reveals rounding of the
grains due to reactions between the crystalline and glassy
phases. The distinct octahedral morphology of the py-
rochlore particles crystallizing from the liquid phase
is noted.

(6) Relaxor behavior is exhibited by ail the sam-
ples. The dielectric constant is dictated primarily by the
amount of the perovskite phase.
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FIG. 10. Note the splitting of the (110) diffraction line of perovskite PMN-PT compositions with
0.6 wt. % MgO, sintered at 750 and 800 °C.
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FIG. 11. Scanning clectron micrographs of PMN-PT with (a) 1, (b) 3, (c) 10, and (d) 20 wt. % glass, sintered at 750 °C for 30 min.
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FIG. .2. Microstructure of PMN-PT with 3 wt. % glass, sintered at 700 and 800 °C for 30 min and 4 h.
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F1G. 13. Microstructure of PMN-PT with 20 wt. % glass, sintered
at 750 °C for 30 min. Same as in Fig. 11(d), but at a larger
magnification.

8000 1 .2
§ s i @ |
[
(%]
z
S
[ ] (7,4
— 4000 3
= -
-
)
(%)
P |
-
o
-S0
500 3 .03
é o “‘"‘\ 1 (b)
»
Z .02
bt (71
w 250 7]
— °
@ -
] .ot
w
|
-
o 0 e
o e P | P | 0
-50 0 50 100 150

TEMPERRTURE C

F1G. 14. Dielectric constant and tand of PMN-PT with (2) 3 wt. %
glass sintered at 700 °C for 30 min and (b) 20 wt. % glass sintered at
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Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsyivanig

La,Ti,0- powders were prepared using three different tech-
niques. Single-phase material was obtained at 1150°C by cal-
cinstion of mixed oxides, at 1000°C by molten salt synthesis.
and at 850°C by evaporative decomposition of solutions. Par-
ticle sizes and morphologies of the powders differed sub-
stantially, as did the sintered microstructures and dielectric
properties. Very dense (99%), transiucent. grain-oriented
lanthanum titanate was fabricated by hot-forging at 1300°C
under a 200-kg load. Anisotropy was demonstrated by X-ray
diffraction, scanning electron microscopy, thermal expan-
sion. and dielectric measurements. [ Key words: lanthanum.
titanates, ferroelectrics, microstructure, orientation.}

L

Lurmwm TiTANaTE (La:Ti:0-) is a member of the fam-
ily of ferroelectrics with a perovskite-like layer structure
{PLS) someuimes referred to as the strontium pyroniobate
familv. Single crystals of lanthanum titanate were found to
exhibit strong piezoelectric and electrooptic effects.’ and to
be ferroelectric with an extremely high Cunie temperature
(7. = 1500°C1.° The room-temperature structure of La.Ti.O-
has been reported to have two modifications. one with sym-
metry P2..°* and one with symmetrv Pbn2,." At approxi-
mately 780°C the structure transforms into orthorhombic
space eroup Cmc2, and at 1300°C it transforms into the
paraclectric phase with symmetry Cmcm.” The various pols-
morphs of all A;B.O- PLS compounds originate from this
high-tcmperature prototype structure. It is characterized by
corner-shared BO. octahedra and 12-coordinated A cations
within the perovskite-iike slabs. which arc linked by A
cations at their boundaries. The anisotropy of the structure 15
eypected to lcad to anisotropy in dielectric and electrical
propertics.

Because of 1ts extremely high Curie temperature. La.Ti.O-

Introduction

v a promising candidate for high-temperature piezoelectric

and electrooptic devices. Lanthanum titanate ceramics are
also under consideration as a low temperature coefficient of
capacitance (TCC: material and as a microwave frequency
diclectne. °

To date. La:Ti.O- ceramics have been fabricated only by
conventional solid-state reaction of the oxides. * Coprecipita-
non has been used to prepare powders. "' but sintering. micro-
structural. and property measurements have not been carried
out. We have prepared La.Ti.O- powder using three differ-
ent processes: (1) conventional calcining and milling of mixed
oxides (MO). (2) evaporative decomposition of solutions
tEDS). and 13) molten salt synthesis (MSS).

In the EDS process. a solution containing the proper ratio
of mectal atoms 1s atomized into a hot reaction furnace. The
product collected at the output 15 usually a chemically homo-
geneous. highly reactive oxide powder of uniform particle
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size and shape. Manv different oxides have been preparcd
using EDS or one of the related techniques described 1n o
review article by Sproson and Messing. -

The MSS process uscs a molien salt solvent to act as the
medium of reaction between the constituent onides. " The de-
sired compound will form 1f 1t s thermody namically more
stabic than the starting oxides. that is. +f it~ solubtuty 1 the
molten salt is less than that of the reactants Compared with
solid-state reaction. a relatively high mobiiity of reacting spe-
cies in the molten salt can lead to compicte reaction ut lower
temperatures and shorter times.

Hot-forging is a means of achieving textured metals or ce-
ramics. Applving a uniaxial load to 4 compact at high wm-
peratures without constricting the lateral “flow” can lcad o
densification with grain growth and orientation in the dircc-
tion perpendicular to the forging axis. Takenaka and Sakatu
used this technique 10 make oricnted B1.Ti:O.; and other bis-
muth laver structure ferroclectrics. and demonstrated the an-
isotropy in electnical and piczoclectric properties. *

The present investigation compares the morphology. vinter-
ing behavior. and sintered microstructures of the three difter-
ent La:-Ti:O- powders and reiates them to the observed
dielectric properties. Further comparison is made with the
anisotropy in hot-forged La.Ti.O- ceramics.

(1) Powder Synthesis

(4) Mixed Oude: Reageni-grade (99.9% purity) La:O-
and TiO: in 1:2 mole ratio were miaed for 4 h an alcohol
using zirconia media. The slurrs was dried und then calcined
at 1130°C for 3 h and remilled for 4 h. Loss on ignition of the
raw materials prior 10 weighing was required because ot the
hygroscopic behavior of Lu.O-.

(B) Evaporatnve Decomposinon of Solutions:  Staruing
matcrials were reagent-grade TiCl, and La.O-. An agueous
solution was prepared by mixing stoichiometric amounts of a
fanthanum nitrate solution. titamum tetrachlonde solution.
and distilled water. The concentration was .05 mol of
La.Ti.O- per liter. The solution was ted 1nto an uftrasonic
atomizer creating a finc mist which was carried through the
fused silica reaction tube of the verucal furnace. A descrip-
uon of the EDS svstem can be found in a previous pubhica-
tion."” The hot zone of the furnace was fixed at 9601C
Samples of thc as-spraved powdcer were then heat-treated ot
temperatures from 300" 1w 90-C.

(C) Molten Salt Svnthesrs: Reagent-grade La.O. and
TiO- were mixed in a 12 ratio 1n detonized water and zirco-
nia media. A salt of composition 30 mol©r NaCl/50 mol™ KCl
was then added. 1in most cases constituting 30 wte of the otal
reaction mixture. The mixing was continued for | h. and the
slurry was then dried at 1530°C. The dricd mass was then
lightlv ground with mortar and pestie and dry blendid o s
granular powder. This powder was placed 1n a closeds wumina
crucible and rcacted at temperatures ranging from d0 1o
1500°C. The covled fused mass was washed using distilled wa-
ter and centrifuge. Washing was repeated unul the specific
conductance of the decanted fiquid fell below 3 uS. measured
using a conductance meter. 1 The conductance of deonized

water was 1.5 uS)

Experimental Procedure




(2} Ceramic Fabrication

(4) Conventional: Ceramic samples were prepared from
each of the three La.Ti;O- powders by addition of 2 wi%
bin-er. pressing 12.5-mm-diameter pellets at 1.38 MPa, and
sintering on zirconia setters for 5 h at various temperatures.

(B) Hoti-Forged (HF): Pellets (12.5 mm) from the cal-
cined and milled mixed oxide powder were presintered to
roughly 60 of theoretical density. A uniaxial load of 200 kg
was applied to the pellet for 3 h at 1300°C in a hot-pressing
apparatus.

(3} Characterization

X-ray diffraction (XRD) was used for phase identification
of the various powders. The La-Ti.O- patterns were indexed
to Pbn2, symmetry and used for lattice parameter calculation
using a least-squares procedure. A scanning electron micro-
scope (SEM) was used for microstructural characterization of
both powders and sintered bodies. Sintered cross sections
were prepared for the SEM by polishing down to l-um-
diamond finish. followed by a thermal cich at 1450°C/30 min,
Particle sizes were vstimated trom several micrographs taken
at random. Densification was determined by the average geo-
metric densities as a function of sintering temperature. A
dilatometer was used to measure the thermal expansion of
bar-shaped samples over the temperature range 253° to 10060-C.
Dielectric testing was carried out on 12-mm-diameter disk
samples ground and polished to ~0.3-mm thickness and elec-
troded with a laver of sputtered platinum followed by tired-on
platinum paste. A Q-meter was used for measurement of Q
(tan J "'} and capacitance at high trequency. An LCR bridge
and oven interfaced with a computer were used to determine
the temperature coetficient of capacitance.

111. Resuits and Discussion

(1) Phase Development and Microstructure

Calctnation at 1130°C for 3 h was found to be necessary to
obtain single-phase La:Ti.O- via the conventional MO tech-
nique. By using the EDS und MSS processes. we were able to
achieve phase pure material at 33)° and 1000°C. respectively.
Although the EDS turnace was set at its maximum tempera-
ture of 960°C. the particle dwell time 1~0.5 s) was not long
enough 1o vield a highly crystalline oxide. Figure 1 illustrates
the desclopment of the La:Ti;O- X-ray pattern from the as-

3130

- %0

Relstive lateasity

20 1degrees)

Fig. 1. NX-rav diffraction powder patterns of lanthanum ttanate
prepared by the evaporative decomposition ot solutions. as-
spraved and heat-treated for 3 h at vanous temperatures

Relative latensily
tF
rE—.; ‘

a0

20 1degrees)

Fig. 2. X-ray diffraction patteras of {anthanum titanate powders
prepared by motiten salt solvent synthesis at various redction rem-
peratures.

sprayed powder upon heat treatment. Figure 2 shows the pat-
terns from MSS powders reacted at different temperatures. At
800°C. the product was a poorly crystallized cation-deticient
perovskite La.:TiO:... Abe and Lchino™ reported the syn-
thesis of this compound at 1330°C in a controtled CO.-H.
atmosphere. At 900°C the product was a mixturc of
La;:TiO.., and La:Ti.O-. and at 1000°C single-phase
La.Ti,O- was obtained. Table I gives the calculated lattice
parameters along with the single-crystal values trom the
literature.

The particle morphologies of the three tvpes of La-Ti.O-
powders were very different and are shown n Fig. 3. The
calcined and milled MO powder consisted of hard aggregates
of submicrometer. almost equiaxed particles. The as-spraved
EDS material was made up of 5- to 25-um diameter. free-
tlowing, smooth. spherical particles. After heating to Y00-C.
the primary crystallites 10.1 to 0.5 um) making up the spheri-
cal aggregates were apparent (Fig. 3(d)). The MSS powders
contained free or lightly agglomerated platelets. the size of
which dcpended on the reaction temperature. Table (I sum-
marizes the cnaracteristics of the lanthanum titanate result-
ing from various MSS reaction conditions. Generally. the
higher the temperature. the larger the particle size. Platelets
with the largest aspect ratio (longest smallest dimension) were
obtained at 1330°C. Note that when a large amount of salt
solvent was available (90 wi“c). a bimodal distribution of par-
ticle sizes resulted.

Because of the very different nature of the powders. ditter-
cnt sintering behavior was expected. Figure 4 is a plot of theo-
retical density as a function of sintering temperature. The
microstructures of the highest-density sampies are shown in
Figure 5. Maximum densities were achieved at 1500°C tor
MO and MSS La.Ti:O-. and at 1450°C for the EDS powder.
The = DS compact sintered at a lower temperature because ot
the intimate mixing of La and Ti atoms inherent in solution

Table I. La,Ti,0. Lattice Parameters (Pbn2, symmetry)

¢ -4 4 Cely votume

1A tA) T\ -\
Single crystal {Ref. 5) 7310 25745 53547 1113
MO 7803 25687 3542 1111
EDS theated 900°C) 7811 25687 5342 12
MSS 1000 7806 25698 334 112
MSS 1100 TBIL 28728 3346 1l
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Fig. 3. Scanning electron micr
1250°C. 1c) EDS (as-sprayed). and (d) EDS (heated at 9%(1-C).

precursor processes. However. the hollow spherical aggre-
gates Jeft pores behind. and a maximurn density of only Y27
was realized. Regions of large and regions of small grains in
the microstructure suggest the occurrence of exaggerated
grain growth.

MO lanthanum titanate reached 97.5% (theoretical den-
siy = 5.782 g/cm'). Randomly oriented. irregularly shaped
grains had a wide size distribution from 5 10 10 um. The
densification of MSS1100 closely followed that of the MO
compact because of a similar starting particie size: however.,
the final grain shape was more platelike and the size distribu-
tion much narrower. Randomly oriented. highly anisometnic
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raphs of La:Ti:O- powder prepared by ta) calcined and miiled mixed oxides. (b» molten salt ssnthesis at

particles usually lead to inefficient packing and low sintercd
density. as demonstrated in sample MSS1330. The micrograph
shows. though. that some alignment of the plates perpendicu-
lar to the pressing direction took place. This was confirmed
by XRD of the surface. The degree of oricniation i~ c\-
plained below.

Hot-forging vielded a 99¢¢ dense. highly transiucent ce-
ramic with the very high degree of preferred orentation
shown in Fig. 6. The XRD pattern from the surface perpen-
dicular to the forging direction (Fig. 7) shows the increased
intensities of the 0k( reflections of the Pbn2 modification
This means the thin dimension of the platelets corresponds to

Table 11. Resuits for Molten Salt Synthesized Powders

Reacvon

leren‘p ‘nme Salt soivent 1wty Phavers) A partiche vize

v O Starting Loy present’ Cume Aspect ratio Commenis

80U/3 50 8.3 LT

900/3 50 9.9 LT and LT

1000/3 50 14.5 LT <1 N Agglomerates of small platelcts
110\)/1' 50 148 LT 1o hH| Agglomerates of small platclets
1200/24 19 435 LT 14 30 Agglomerates of small platelets
1390/1 30 0.2 LT L6 i1 Agglomerates of small platefets
1350/% 0 480 LT 43 12:1 Well-defined platelets

1400/3 50 100 LY 40 1 Weli-defined platelets

1463/3 30 100 LT 20 31 Not well-defined. plates fused together
1350/5 90 350 LT 30 10: 4 Bimodal distribution
T 130 Large

= Le-T, >

O AT La: . TWO .
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Fig. 4. Percent of theoretical density vs sintering temperature for
conventionally sintered La:Ti:O- powder produced by mixed ox-
ides. evaporative decomposition of solutions. and molten salt svn-
thesis: and the hoi-forged compact.

the large b-axis iperpendicular to the perovskite slabs in the
structure). consistent with the general finding that the habit
of the crystal corresponds to the reciprocal lattice of the
structure. The degree of orientation can be quantified by cal-
culation of the Lotgering orientation factor. f. from XRD

peak intensitics
f=(p—=pa=p, b
where

p = S/mhu/:hhhn D

over a certain range of 26 values.™ p, = p for an unoriented

sample. Thus f increases from 0.0 for a randomly oriented

sample to 1.0 for pertect alignment. For the hot-forged

}_a;Ti;O- f = 0.79. while for the MSSI350 sintered sample
= (.25,

12) Dielectric Measurements

Table I lists the dielectric data measured at 100 kHz tor
the vanous types of lanthanum ttanate ceramics. Figure ~
shows the frequency dependence of the dielectric quality tac-
tor. Q. The dielectric permittivities. ¢.. remained constant up
to 50 MHz. within the error of measurement. MO lanthanum
titanate ceramics had higher permuttivity 148.%) than the pre-
viously reported value of 44 (Ref. 7). The Q remained high
(80001 up to 2 MHz. but then dropped oft rapidly 0 230
50 MHz. The EDS sampie had high dielectric 1oss with oven
greater trequency dependence. possibly caused by vouds. poor
densification. and the presence of a reduced state of itanium.
Ti'". The EDS ceramics were veliower when compared to the
off-white color of the other La.Ti:O- samples. The mived
valence state Ti'"-Ti " could lead 10 an clectron-hopping
mechanism of conduction and higher losses. The reason tor
the possible mixed valency is not clear.

e

\r

19K U 2 43xx 1eu @8ad

Fig. 5. Scanning electron micrographs of sintered La Ti:O- ceramics 1 MO. (b EDS. ¢ MSS at 1100°C. and (4 MSS at 15350 C
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Fig. 6. The cross section of La:Ti;O- hot-forged at
1300-C 200 kg/3 h. The foraing axis was in the vertical direction
with respect (o the micrograph.

f 100
) 1
{ 080 - o
ahor-forged
1300°C/200kg -
- *c
=
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Fig. 7 X-ray diffraction pattern from thch:olished surface ot
L:;Tn(_:o- ceramic: tar hot-forged and (b} MSS1350 sintered at
[N 1

MSS1100. with small and uniform grain size and dense
microstructure. had a high Q over the frequency range of the
meter. The rather low dielectric constant of MSS1350 is a con-
sequence of a low sintered density (92.4%) and some degrec
of grain alignment.

The anisotropy in dielectric constant is clear from measure-
ments of the hot-forged sample. With the electnc field. E.
applied parallel to the forging axis (FA), ¢ = 42.5. in good
agreement with the single-crystal value £ = 42.° With £ ap-
plied perpendicular to FA, and thus along the plane defined

Vol T4 No

by the crystallographic axes 2 and ¢. ¢ = 34.1. The corre-
sponding single-crystal values are €, = 32 and €. = 62. ¢ 1»
the polar direction.) The Q of the very dense hot-forged
samples exhibited the least frequency dependence. especialls
with E applied perpendicular to FA.

Table II1 also lists important temperature dependence
parameters. A low temperature coefficient of capacitance
(TCC) is necessary for stable capacitors. The capacitances at
100 kHz varied approximatelv hinearly over the temperature
range 0° to 230°C. The TCC of MO La:Ti.O- was 31 ppm, °C.
This is in good agreement with 30 ppm/°C at 1 MHz from
—-30° 10 2G6U°C. reported by Marzullo and Bunung.” The TCC
of hot-forged La.Ti.O- was found to be very direction depend-
ent: ~188 ppm/°C parallel to FA. and ~14 ppm/*C perpen-
dicular to FA. MSSS{330. with a more random arrangement
of similar size platelfets. had a TCC between these two values.

Thermal expansion was nearly constant from 23" to
1000°C. For dense. randomiy oriented La-Ti-O-. TCE =
11.3 ppm/°C. The TCE was lower parallel to the p-avis
9.8 ppm/“C) than perpendicular to b (15.7 ppm. ‘C1.

A low temperature coefficicnt of resonant frequency 1s de-
sirable for microwave dielectric resonators ( TC. < 3 ppm
*C)." TC, is calculated from TCC and TCE:

TC, = - ~(TCC + TCE)

This value is effectively zero for the hot-forged sample with £
and A/ perpendicular to the FA.

IV. Conclusions

For the first time. La.Ti:O- ceramics have been prepared
bv evaporative decomposition of solutions. molten salt syn-
thesis. and hot-forging. The powder morphologies. ceramic
mucrostructures. and dielectric properties were compared to
conventional ceramics sintered from calcined and milied ox-
ides. Single-phase La.Ti-O- powders were synthesized by
heat treatment of EDS powders at 850°C. and by reaction ot
oxides in a molten salt at 1000°C. EDS powders were sphen-
cal agglomerates of submicrometer crvstallites and were vern
reactive. but resulted in a sintered ceramic with poor micro-
structure. significant porosity. and high dielectric loss.
The MSS process vielded well-defined piateiets. The size of
these platclets could easily be controlled by selection of the
reaction temperature and time. A high-density. unifor:
microstructure. low-loss ceramic was made with MSS pow-
ders reacted at [100°C Tape casting of these MSS powders
could be used for grain onentation.

High-density lanthanum titanate ceramic with high degrec
of preferred orientation was fabricated using a hot-torging
mcthod. The sampics showed anisotropy 1n dielectric
constant. TCC. and thermal expansion. and an improved tre-
guency dependence of Q over conventionally preparcd
ceramic. Since Nd:Ti:O- and La:Ti:O- are used as mapr
components in high-K microwave dielectric formulations. ™*
this information concerning the anisotropy in propertics
could be uscd 1o further improve the loss and temperature
dependence characierisics of ceramic dielectric resonators
We are presently carrving out a study of hot-forged La.T::O-

Table 1II.  100-kHz Dielectric Data and Therma! Dependence for La.Ti,0- Ceramics

tar 7 TCCrr-23 Oy TCE:25-100°C 7C

rx200 31Xl ippm Co tppm/Cy ppm C
MO 8.8 5300 41 113 -26
EDS 439 900 147 99 -78
MSS 1100 6.5 4750 58 11.3 -3
MSS 1350 o 1500 77 109 -4
HF (E. FA) 25 2950 188 98 -99
HF(E-F"\U SJI :m -14 l;,o 0

AR 3 FA
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Fig. 8. Duclectric quality factor. Q. as a tunction of frequency tor
ditferent La.Ti.O- ceramics.

and other compounds in the PLS family for use 1n high-
temperature piezoelectric and electrooptic devices.
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Effects of pH and H,0, upon coprecipitated

PbTiO; powders
Part |l

Properties of calcined powders

G. R. FOX, J. H. ADAIR, R. E. NEWNHAM
Materials Research Laboratory, The Pennsylvania State University, University Park,

Pennsylvania 16802, USA

PbTiO, was prepared by coprecipitation and calcination from mixed solutions of TiCi, and
Pb(NO,),. The effect of pH in the precipitation solution on the properties of caicined pow-
ders was studied by calcining coprecipitated precursor powders prepared at pH values be-
tween 8.00 and 10.50. The effects of H,0, were studied by preparing PbTiO; powders from
mixed solutions containing H,0,: PbTiO; ratios between 0:1 and 6:1. Synthesis of phase
pure PbTiO, by coprecipitation and calcination is highly dependent upon the complex ionic
equilibria dictated by the pH. The pH used for precipitation determines the types of crystalline
phases formed from coprecipitated precursor powders. The rate at which amorphous precipit-
ates transform to crystalline PbTiO, during calcination is also affected by both the pH and
H,0, additions. High purity (greater than 98%) PbTiO, with a rapid amorphous-to-crystalline
transformation rate was obtained for H,0,:PbTiO; = 1.1:1, and pH = 9.65 to 9.75.

1. Introduction

The formation of crystalline PbTiO, from copre-
cipitated precursor powders followed by calcination is
dependent upon the species contained in the
precursor. In part 1 of this study [1] the properties of
the precipitated precursor powders prepared from
Pb(NO,), and TiCl, solutions were presented. This
paper presents the powder properties after calcination
of the coprecipitated powders prepared in part I and
discusses how the properties of the precursor powders
are related to the properties of the caicined powders.
Since pH, speciation, and concentration of species
influence the properties of precursor powders, the
effects of these variables upon the calcined materials
will be discussed.

2. Procedure for PbTiO; preparation and
powder characterization
Two sets of coprecipitated powders were prepared
from stock solutions of Pb{NQ,), and TiCl, as de-
scribed in the first part of this study {1]. The first set of
powders was prepared with an H,0,:PbTiQO, ratio of
1.1:1 but the five powders were prepared over differ-
ent pH ranges of 8.00 to 8.20, 8.50 to 8.65,8.90 t0 9.15,
9.65 to 9.75, and 10.15 to 10.30. The second set of
precipitated powders was prepared at a constant pH
of 990 to 10.05 with the five powders in the set
composed of H,0,: PbTiO, ratios of 0:1,0.5:1, 1.1:1,
2:1, and 6:1. 3 g samples of each resulting powder

*Scintag Pad V diffractometer, Santa Clara. California. USA.
+ Quantachrome monosorb, model MS-12. Syosset. New York, USA.

0022-246191 $03.00 + .22 C /99! Chapman and Hall Ltd.

were fired in covered alumina crucibles at 600 ‘C with
a Sh hold time. The samples were heated and cooled
at S°Cmin~".

All calcined powders were analysed by X-ray
diffraction* using CuKax radiation at a scan rate
of 1°20 min"}. Integrated peak intensities were ob-
tained at a scan rate of 0.1°20min~! with a copre-
cipitated PbTiO, powder (pH =990 to 10.05,
H,0,:PbTiO,; = 1.1:1, calcined at 800°C for 262 h)
used as an external. fully crystallized standard. All
samples were prepared as back loaded packed powder
specimens. The specific surface areas of the calcined
powders were obtained by a nitrogen adsorption
technique.'

3. Results and discussion
3.1. Effects of pH on properties of calcined
precipitates

Table I lists the crystalline phases within each of the
calcined powders as determined by X-ray diffraction,
X-ray diffraction patterns of the first set of powders
prepared at constant H,0,:PbTiOj, ratio 1.1:1 and
various pH conditions exhibit formation of PbTiO,;,
but a low intensity unidentified peak is observed at
d = 0.294 nm (see Fig. 1). The intensity of the uni-
dentified peak increases with decreasing pH values
below 9.00. The pH value at which the intensity of the
extraneous peak begins to increase corresponds to the
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TABLE i Phases (ormed under various pH and H,0O, concentra-
tions

pH H,0,:PbTiO; Phases

8.00-8.20 1.1:1 PbTiO, + unknown (4%)
8.50-8.65 1.I:§ PbTiO; + unknown (3%)
8.90-9.15 1.1:1 PbTiO, + unknown ( < 2%)
9.65-9.75 LIt PbTiO; + unknown ( < 2%)
9.90-10.05 L1 PbTiO; + unknown ( < 2%}
10.15-10.30 L1t PbTiO, + unknown ( < 2%}
9.90-10.05 0:1 PbTiO; + unknown { < 2%)
9.90-10.05 05:1 PbTiO; + unknown ( < 2%)
9.90-10.05 2:1 PbTiO; + unknown ( < 2%)
9.90-10.05 6:1 PbTiO, + unknown ( < 2%}

pH for the solubility minimum and speciation change
for the lead system.

Since the intensity of the unidentified diffraction
peak does not increase at pH values above 9.00, it is
likely that the formation of the second phase, causing
the appearance of the diffraction peak, is not con-
trolled merely by solubility of the lead. Also. if solubil-
ity did control the formation of the unidentified phase,
aqueous lead or titanium species should have been
observed in the filtrate of the precipitates. It was stated
in part I that less than 1 x 107 ° mol ™' of lead and
titanium species were observed in the filtrate solutions
[1]. Change in the speciation of the lead from HPbO;
and other complex lead hydroxo ions to Pb?* below
pH = 9.34 correlates with the appearance of the sec-
ond phase. A study surveying a wider pH range than
the present study is required to determine conclusively
whether solubility of the lead species, change in the

lead speciation, or a combination of these phenomena
is responsible for the appearance of the second phase.

The specific surface area is plotied against pH for
the calcined powders in Fig. 2. There is negligible
change in the specific surface area with increasing pH.
indicating that the calcined powders consist of par-
ticles of the same size, assuming similar morphologies
for all particles. The ultimate particle size of the
calcined powders is apparently independent of the
specific surface area and particle size of the as-
precipitated powders shown in part I, Fig. 5 [1].

Fig. 3 shows the concentration of crystalline
PbTiO, as a function of pH for the calcined powders.
Only the calcined powder prepared at pH = 9.65 to
9.75 exhibits 100% crystalline PbTiO,. The precise
maximum in the curve may occur anywhere between
pH = 9.2t09.7. Again, the solubility minimum for the
lead species corresponds with this finding. The fact
that Fig. 3 exhibits an inverse relation to the solubility
against pH curve for the lead system strongly suggests
that the formation of crystalline PbTiO, is controlled
by the solubility of the lead species.

The effect of pH upon the quantities of crystalline
PbTiO, within the calcined powders cannot entirely
be attributed to changes in rates of transformation
from the amorphous to the crystalline state. As noted
in Table I and Fig. 1 a small quantity of second phase
was observed in the X-ray diffraction patterns. The
increased quantity of unidentified second phase with
pH values below 9.00 will correspondingly decrease
the fraction of PbTiO; present in the powder speci-
mens. If it is assumed that all the calcined powders
consist of crystalline PbTiO; and the unidentified

a4 3.56 298 2.56 2.25 2.01 182
2000 1 L -1 1 100
1800 = - 90

101
1600 = - 80
14004 100 "o 11 -70
001 200
oM =10.15-10.30 002 ]\
1200 < - 60
“ — -
31000 -—AM- 9.90-10.05 _k —A—-L—_J-so s
8004 A ” pH= 9.65-9.75 A A - 40
00 ~ 30
800 A “ PH= 8.90-9.15 )\ A JL _4-
400 20
oM= 8.50-8.65 A

pH= 800-8.20

29 25 30

35 40 45 50

26 (deg)

Figure | X-ray diffraction patierns of caicined powders (600 “C for S h) precipitated at vanous pH conditions. PbTiO; 1s the primary phase

but an unidentified peak is found at d = 0.294 nm marked by (7).
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Figure 2 Effects of precipitation pH upon the specific surface area of
calcined powders (600 “C for 5 h).
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Figure 3 Effects of precipitation pH upon the concentration of
crystalline PbTiO, in the calcined powders (600°C for Sh).

second phase, then formation of the second phase
would appear to be controlled by the solubility of the
lead species. As stated previously, however, a study
covering a wider pH range is needed to determine
whether the formation of the unidentified phase is
controlled by lead solubility, changes in speciation of
the lead, or a combination of these phenomena. Both
the transformation rate of the amorphous powder and
the formation of the second phase are likely to con-
tribute to the pH dependency of the quantity of
crystalline PbTiO, observed in calcined powders.

3.2. Effects of H,0, upon properties of
calcined precipitates

All X-ray diffraction patterns of the calcined powders

from set two, with increasing H,0,:PbTiO, ratios,

exhibited primarily PbTiO, peaks with less than 2%

by weight unidentified second phase. This finding

indicates that H,0, additions do not affect the

crystalline phases present in the calcined powders.
Although the type of crystailine phases formed from
the precipitates is not influenced by the H,0, addi-
tions, the widths and intensities of the diffraction
peaks change with increasing H,0, concentration (see
Fig. 4).

The change in specific surface area of the calcined
powder as a function of H,0, concentration during
precipitation is shown in Fig. 5. There is a minimum in
the specific surface area at an H,0,:PbTiO, ratio
1.1:1. The as-precipitated powders described in the
first part of the study [1] exhibited a maximum in the
specific surface area at H,0,:PbTiO, = 1.1:1. The
powders with the highest specific surface areas before
calcination have the lowest specific surface areas after
calcination. Therefore. the powder prepared with
H,0,:PbTiO; = 1.1:1 exhibits the highest growth rate
duning calcination which is consistent with the large
surface area of the precipitate prior to calcination.

In Fig. 6, the X-ray diffraction integrated 111 peak
intensities were used to determine the concentration of
crystalline PbTiO, relative to an external PbTiO,
standard. The concentration of PbTiO, displays a
maximum as a function of increasing H,0, concen-
tration. The results indicate that the powder prepared
with H,0,:PbTiO, = 1.1:1 contains the highest con-
centration of crystalline PbTiO, and therefore. trans-
forms from the amorphous to the crystalline state at
the fastest rate. Comparison of the data in Figs 5 and 6
supports the contention that the precipitate prepared
with H,0,:PbTiO, = 1.1:1 has the highest nucle-
ation and growth rate during transformation from the
amorphous to the crystalline state.

The reason why H,0, affects the nucleation and
growth rate of crystalline PbTiO, during trans-
formation from the amorphous precipitates may be
due to several factors. First, since the free energy for
the transformation to the crystalline state is partly
dependent upon the reduction of surface area [2. 3].
the amorphous powders exhibiting the highest specific
surface area will have the largest driving force for
transformation. Therefore, the effect of H,O, upon
the nucleation and growth rates may only be an
artifact due to the influence of H,0, on the specific
surface area of the precipitated powders. Evidence for
this is given by the correlation between the maximum
in the specific surface area plotted against
H,0,:PbTiO; for the as-precipitated powders (see
Part 1, Fig. 3) [1], and the maximum for concentration
of PbTiO, against H,0,:PbTiO, (Fig. 6). This cor-
relation in maxima suggests that the powder prepared
at H,0,:PbTiO; = 1.1:1 exhibits the highest
amorphous to crystalline transformation rate because
it exhibits the highest specific surface area, and there-
fore, the highest surface free energy change upon
transformation and growth.

Another reason why H,O, influences the nucle-
ation and growth rates of the crystalline PbTiO, may
be due to the effect that H,O, has on the anionic
species present in the precipitates. As found in Part
(1], carbonates are formed when no H,0, is added to
the system, and changes in structural water content
may occur at high H,O, concentrations. Therefore.
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the pronounced effect that H,0, has upon the trans-
formation of the amorphous precipitates to crystalline
PbTiO, is most likely due to a combination of the
effects that H,O, has on both the specific surface area
of the precipitates and the anionic species contained in
the precipitates.

4. Conclusions

Formation of crystailine PbTiO, in powders prepared
by the coprecipitation—calcination process is found to
be highly dependent upon the solubility and speci-
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ation of lead and titanium and their chemical derivat-
ives. Both solubility and speciation are dependent
upon concentration and pH, and therefore. both con-
centration and pH will affect the phases formed dur-
ing the precipitation—calcination process. The final
crystalline phases are not affected by H,Q, additions.
Pure PbTiO, is not obtainable at pH below 9.00
because of the appearance of a persistent second
phase. Above pH 9.00 greater than 98% by weight
pure PbTiO, is formed but the rate at which the
amorphous precipitates transform to crystailine
PbTi0, exhibits a maximum as a function of both pH




and H,0, concentration. The maximum trans-
formation rate from amorphous precipitates to greater
than 98% pure crystalline PbTIO; is with
H;0,:PbTiO, = 1.1:1 and pH = 9.65 t0 9.75.
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The hydrothermal crystallization kinetics for the perovskite PbTiO, have been investigated under autogenous conditions at
temperatures in the range of 225-250°C and feedstock concentrations of 0.1-1.0 M. At these temperatures, crystalline perovskite
particles were obtained in approximately 4~7 h. Transmission electron microscopy (TEM) of the product oxides showed nanometer
sized crystallites with an elongated morphology. The crystallization kinetics were monitored using X-ray powder diffraction on
samples extracted from the reaction mixture at various times. The crystallization rate data were analyzed according to a generalized
solid-state kinetic treatment which. along with microstructural evidence, suggest that the PbTiO, formation reaction proceeds via a
dissolution-recrystallization mechanism. [t is proposed that the precursor amorphous hydrous oxides of lead and titanium dissoive
and recrystallize to form the perovskite phase. The relative rates of dissolution and recrystallization were found to be strongly
temperature dependent within the range examined. At all temperatures, the recrystallization kinetics appeared to obey a
zero-order rate law. An apparent activation encrgy of 7.2 kcal /mol was estimated for the hydrothermal PbTiO, formation reaction.

1. Introduction

Hydrothermal particle synthesis involves the
treatment of aqueous solutions or suspensions of
precursor particles at elevated temperatures and
pressures. The reactions occurring in hydrother-
mally treated solutions of inorganic compounds
can produce fine, high purity, and homogeneous
particles of single and multicomponent metal ox-
ides under the appropriate conditions [1-8}. Fur-
thermore, particle sizes from nanometer to cen-
timeter ranges can be synthesized depending on
the configuration of the hydrothermal equipment.
However, the reaction sequences in hydrothermal
systems are complex, and at the present time
there is scant information regarding the reaction
kinetics and underlying mechanisms [9]. Hy-
drothermal reactions are analogous to solid-state

' Currently with IBM Fishkill, Hopewell Junction, New York
12533. USA.

2 Currently with Material Science and Engineering, Univer-
sity of Florida, Gainesville, Florida 32611, USA.

reactions, but with correspondingly enhanced dif-
fusion rates [9]. The reaction mechanisms and
sequences that can lead to crystalline particle
formation therefore include dissolution or trans-
formation of any solid precursor phase(s), diffu-
sion in solution, adsorption at the solid-liquid
interface, surface diffusion, incorporation of so-
lute material into the lattice, and crystal growth
steps [8-12]. Unfortunately, the relatively high
temperatures and pressures for hydrothermal
syntheses (e.g., 100-500°C and 0.1-14 MPa, re-
spectively) prohibit in most cases the use of in-situ
systems tc monitor the course of the reactions
leading to product particle formation. Conse-
quently, meaningful data relating to particie for-
mation can at present often be obtained only by
studying the solid-state nature of the reaction.

In the present work, we have evaluated the
hydrothermal formation of the binary lead tita-
nium oxide, PbTiO,. The solution speciation and
phase equilibria for this relatively complex, but
technologically important, system have not been
studied. However, there have been several studies

0022-0248 /92 /305.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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verifying that lead titanate is the stable com-
pound under a wide range of hydrothermal reac-
tion temperatures and pressures [2-8]. Further-
more, studies that preceded the work currently
being reported have demonstrated that a range
from pH 9 to pH 10 is suitable to produce stoi-
chiometric PbTiO, with the perovskite crystal
structure [6]. The objective of this study was to
obtain kinetic data on this system to better un-
derstand the particle formation mechanisms for
the complex binary oxides and, in particular, the
perovskite family of materials.

Lead Acetate

Deionized Water

2. Materials and methods

The hydrothermal synthesis of particulate iead
titanate employed a solution crystallization proc-
ess carried out at relatively modest temperatures
and pressures (225-250°C and 1.38-5.17 MPa,
respectively) [6]. The preparation of the feedstock
materials was conducted according to the
flowchart shown in fig. 1. Experiments were per-
formed in a 1 liter 316 stainless steel autoclave
equipped with a magnetically driven stirring unit
(Model 4521, Parr Instruments Co., Moline, IL).

Titanium IsLmomxide

Y

100 mi Ethanol

L

Mixing Pb/Ti=1.0

-—

v

Adjust pH with
NH,OH to pH 9.5-9.6

Y

Feedstock Suspension

Y

Hydrothermally Treat
(225, 235, 250 °C)

v

5 ml Samples Extracted
as a Function of Time

v

Collect Particles by Filtration,
Wash with Ammoniated Water,
and Dry at 25 °C in Air

v

X-Ray Dittraction
and TEM Analysis

Fig. 1. Flow chart for the hydrothermal synthesis of PbTiO, designed to collect crystallization data as a function of ume.
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Samples of 5 ml size were extracted under
isothermal conditions at various times during the
crystallization process. The extraction of these
relatively small samples was accompanied by min-
imal reactor pressure losses ( ~ 0.014-0.034 MPa).
The solid portion was immediately separated from
the extracted suspensions by filtration and/or
centrifugation depending on particle size. The
solids were then washed with deionized water
whose pH had been previously adjusted to pH 9.5
with ammonium hydroxide, filtered again, and air
dried at room temperature. It was observed in
preliminary studies that washing the powders with
a solution near the pH for the minimum solubility
of lead oxide and lead titanate was necessary to
limit incongruent dissolution of the lead from the
hydrothermally treated powders. X-ray powder
diffraction patterns for the extracted samples
were obtained using an automated diffractometer
employing Cu Ka radiation. The degree of crys-
tallinity of the solids was assessed by integrated
intensity analysis of the (101) reflection [13].
Bright field transmission electron micrographs
(TEM) were obtained on selected samples and
used to estimate the mean particle size. The
surface areas of the powders were determined by
an  automated nitrogen adsorption technique
(Monosorb, Quantachrome Corp., Syosset, NY).

3. Results and discussion
3.1. Materials characterization

Typical X-ray powder diffraction patterns for
the PbTiO, crystallization sequence as a function
of hydrothermal rcaction time arc shown in fig. 2
for samples from a 0.33 molar feedstock solution
at 225°C. As shown in the figure, the starting
feedstocks were amorphous and became increas-
ingly crystalline with time. Under these condi-
tions, no change in crystallinity was detected by
X-ray diffraction after hydrothermal treatment
for ~7 h. TEM micrographs corresponding to
these samples are shown in fig. 3. The amorphous
feedstock particles were 20 nm in diameter,
equiaxed, and could be clearly distinguished from
the product PbTiO, particles, which crystallized
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Fig. 2. Examples of X-ray diffraction patterns showing the

typical change in crystallinity as a function of reaction time for

hydrothermally treated PbTiO,. Data are for 0.33M feedstock

hydrothermally treated at 225°C for 0 time (0% crystallinity),
and 37.6%, 80.4%. and 100% crystallinity.

with a relatively uniform, acicular morphology.
The influence of feedstock concentration on par-
ticle size and surface area for the PbTiO, crystal-
lized at 225°C is shown in table 1. Particle size
increases with feedstock concentration as judged
by direct observation from the TEM micrographs
and specific surface area measurements.

3.2, Crystallization kinetics

The kinetics of PbTiO, crystallization from a
0.33 molar feedstock suspension are shown at
three temperatures in fig. 4. Qualitatively, the
crystallization process may be divided into three
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Fig. 3. Examples of transmission electron micrographs of some typical particie samples extracted from a 0.33M feedstock at 225°C
as a function of reaction time: (a) 0%, (b) 37.6%, (c) 80.4%, and (d) 100% crystallinity.

distinct kinetic regimes. At relatively short reac- last, a second period of crystallization at a lower
tion times there is a temperature-dependent in- rate than during the intermediate regime. The
duction time with no measurable crystallization transition between the two periods of crystalliza-

taking place, followed by an initial period of
rapid crystallization at intermediate times, and,

>

= 1.000 F
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Table | I3
Crystallite sizes and specific surface areas for the PbTiO, »  oswfb
particles hydrothermally synthesized at 225°C to 100% crys- E e 225°C
tallinity as a function of feedstock concentration 3 0.400 a 235°C

< 250 °C
Feedstock Crystallite size * Specific g 0.200 *
concentration (length /diameter) surface area -
(mol /1) (am) (m?/g) Q ¢

«
1.00 750/220 78 - -ozooo w.uo zo‘ooo
50 560/160 13 TIME (seconds)
033 280/90 22 . . . . . .
0.10 70,20 33 Fig. 4. Fractional PbTiO, crystallinity as a function of time for

0.33M feedstocks hydrothermally treated at 225. 235, and
* Estimated from TEM photomicrographs. 250°C.
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tion occurred at approximately 30-40% crys-
tallinity for all temperatures.

In order to gain further insight into the factors
controlling the hydrothermal formation of crys-
talline PbTiO,, the rate data in fig. 4 were ana-
lyzed according to the generalized solid-state ki-
netic treatment of Hancock and Sharp [14). This
method was originally applied to isothermal
solid-state transformations such as the dehydrox-
ylation of brucite {14] and has also been success-
fully applied to more complex heterogeneous re-
action sequences in both oxide [15] and non-oxide
{16] systems. Care must be exercised, however, to
ensure that a literal interpretation is not assigned
to the rate constants or rate laws determined in
this way from the simple regression analyses.
Even when precise statistical data sets are avail-
able, best-fit rate constants obtained from regres-
sion analyses can be substantially in error {17].
Despite these reservations, careful application of
simple kinetic treatments is often helpful in de-
veloping a qualitative understanding of the domi-
nant processes in complex solid-state reaction
systems, particularly when corroborated by mi-
crostructural evidence and other data.

Recognizing these limitations, and considering
only the solid-state nature of the transformation,
a kinetic analysis was applied based on the John-
son-Mehl-Avrami equation [18,19):

where f is the fraction crystallized isothermally
at time ¢, r is a constant that partially depends
on nucleation frequency and rate of grain growth,
and m is a constant that varies with the system
geometry. Hancock and Sharp have shown that
for reactions obeying a single theoretical rate
expression, plots of —In In(1 — f) against In(s)
over f=0.15-0.50 yield approximately straight
lines with slopes m having a value falling within a
range characteristic of three distinct reaction
mechanisms. When m = 0.54-0.62, a diffusion
controlled mechanism is indicated, while a zero-
order, first-order, or phase boundary controlled
mechanism is indicated for m = 1.0-1.24. A
mechanism involving nucleation and growth con-
trol is indicated when m = 2.0-3.0. Values of m
lying outside the specified ranges have no obvious
mechanistic interpretation, but can sometimes be
indicative of competing processes [14). The vari-
ous standard solid-state reaction rate equations
and associated values of m are summarized in
table 2. It is not possible to distinguish the most
appropriate rate law within a given group solely
on the basis of the value of m. Instead, the
individual rate laws must be tested and compared
over the complete conversion range {20].

In fig. 5, plots of —In In(1 — f) against In(s)
over f=0.15-0.50 for the data in fig. 4 are pre-
sented. For PbTiO, crystallization at 225 and
235°C, it is shown in figs. Sa and 5b that the

m

f=1-exp(=n"), (1) kinetics are described by a two-stage rate law. In

or. in lincar form, each case, the kinetics of the first stage are char-
acterized by a large m exponent (m > 5) followed

~Inin(1~f) =In(r) +m In(1), (2) by a sharp transition at f=0.3-0.4 to a second

Table 2

Solid-state reaction rate equations (from ref. [14])

Function Implied mechanism Equation m

D{f) Diffusion controlled f2mkt 0.62

DLAS) Diffusion controiled (1= in(i= )+ f=kt 0.57

D.(f) Diffusion controlied M- =f NP =k 0.54

DAY Diffusion controlled 1-2f/3~(1= )3 mkt 0.57

F(f) First order =ln(l= f)=kt 1.00

RASI Phase boundary 1=(1=f)2mks 1.11

R f) Phase boundary 1=-(1= )=kt 1.07

ZLN Zero order [ =kt 124

ALS) Nucieation and growth (=In(1= )Y/ = ke 2.00

ALf) Nucleation and growth [-in(1=f)73 =kt 3.00
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Fig. S. Plots based on the Johnson-Mehi-Avrami analyses of
the kinetic data from fig. 4.

stage characterized by an m value close to unity.
The m exponent for the first stage decreases
rapidly with increasing temperature, so that for
crystallization_at 250°C, the first stage is not obvi-
ous and the kinetics may apparently be described
in terms of a single rate law, as shown in fig. 5c.

in figs. 5a and 5b, the m exponent of the first
stage (m =8.83 and 5.11, respectively) reflects
the initial period of rapid crystallization in the
early portions of the corresponding curves of fig.
4. Comparnison of these m exponents with the
theoretical values presented in table 2 shows that
the kinetics of the initial stage of crystallization

cannot be simply described by any of the ten
standard solid-state reaction rate equations.

On the other hand, the m exponent of the
second-stage crystallization in figs. 5a and 5b.
along with the single /m value of fig. 5¢ (m = 1.22,
0.80, and 1.00, respectively), suggest a reaction
mechanism best described in terms of zero-order,
first-order, or phase boundary controlled rate ex-
pressions. Consequently, the rate expressions for
zero-order, first-order and phase boundary con-
trolled mechanisms were tested over the second-
stage crystallization ranges indicated by the m
values of fig. 5. The first-order and phase bound-
ary controlled rate equations gave poor fits of the
raw kinetic data when continued to complete
crystallization (f=1.0). In accordance with a
zero-order rate law, however, fig. 4 shows that
the second-stage ( f > (0.3-0.4) plots of f against t
fer PbTiO, crystallization at 225 and 235°C are in
fact linear. Fig. 4 indicates that the PbTiO, crys-
tallization kinetics at 250°C are also linear for
f>0.3-04. Over the specified crystallization
ranges, therefore, the zero-order rate expression
is most appropriate to describe the apparent crys-
tallization kinetics. In fig. 4, the slight nonlinear-
ity in the crystallization kinetics at 250°C for
f <0.3-0.4 is contrary to the expectation from fig.
Sc that only a single rate expression should be
obeyed. However, it is likely that the crystalliza-
tion kinetics at 250°C also conform to a two-stage
rate law, but that first-stage crystallization was
not detected due to the rapid initial rates at the
higher temperature.

An Arrhenius plot for the hydrothermal
PbTiO, formation reaction is given in fig. 6.
Using a method similar to that of Culfaz and
Sand [21], the values plotted along the ordinate in
fig. 6 represent the instantaneous rate deter-
mined at 50% crystallinity. This method was cho-
sen because it makes no assumption regarding
the underlying reaction mechanisms and associ-
ated rate laws. Even in the crystallization regime
where the reaction is apparently isokinetic (i.e.,
f>04), the rate data were used in preference to
rate constants in constructing the plot because
the error in the zero-order fits, as well as the
extent to which the initial rapid crystallization at
various temperatures affects the subsequent
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Fig. 6. Arrhenius plot for the hydrothermally crystallized
PbTiO.. The apparent activation energy for hydrothermal
crystalhization of PbTiO, from the piot is 7.2 kcal /mol.

zero-order rate, is uncertain. The apparent acti-
vation energy obtained in this way is 7.2 kcal /mol.

3.3. Mechanistic interpretation

The microstructural and kinetic data pre-
sented above provide some insight into the mech-
anism of the hydrothermal formation of crys-
talline PbTiO,. Based on the microstructural data
of fig. 3, a mechanism involving a liquid assisted
solid-state transformation [22-24) is deemed un-
likely. The crystalline material in the micrographs
of Fig. 3 does not appear to have grown out of
the amorphous precursor. Furthermore, at no
stage in the crystallization is there any evidence
of partially or poorly crystalline material, as would
be expected during the progress of a solid-state
transformation. Similarly, the morphologies of the
particles in the micrographs of fig. 3 would not be
expected for a material precipitated via a classical
nucleation and growth mechanism [11,12). The
particles are seen to be nearly the same size with
similar acicuiar morphologies. A larger size distri-
bution is expected if particles are precipitated
from a heterogeneous, locally supersaturated so-
lution [11]. In contrast, a narrow size distribution
is more typical of particles precipitated from ho-
mogeneous solution [25-28). Moreover, the parti-
cle size and surface area data of table | show that
the average particle size decreases with decreas-

ing feedstock concentration. Such a result is not
supported by a classical nucleation and growth
model, which would predict higher supersatura-
tion conditions and smaller particles at higher
feedstock concentrations [11]

Alternatively, the generation of reacting
species by the process generally known as precipi-
tation from homogeneous solution (PFHS) [26-
28] is often observed in systems where tempera-
ture is used to thermally decompose precursor
reactants [24-27). It is generally acknowledged
that a major limitation in the PFHS reaction
scheme is that relatively low concentrations of
precursor species must be used to avoid continu-
ous nucleation throughout the particle formation
process. In the current work, the microstructural
data strongly support the contention that PFHS is
taking place in the Pb-Ti-H,O system under
hydrothermal conditions. However, in this sys-
tem, a sparingly soluble precursor hydrous oxide
was used to generate the reacting species. Under
these conditions, a high yield of product powder
is potentially attainable using relatively concen-
trated precursor suspensions. Furthermore, the
high concentration of feedstock is not expected to
compromise the generation of nuclei as it does in
classical PFHS because the reservoir of nutrient
stored in the solid precursor does not influence
solution factors such as supersaturation and ionic
strength.

Consequently, with reference to the schematic
solubility curves shown in fig. 7, it is proposed
that as the hydrothermal temperature is in-
creased, the dissolution of the precursor hydrous
oxides dictates the supersaturation (S ,) at which
PbTiO, crystallizes. Assuming normal solubility
behavior, this is consistent with the temperature-
dependent induction time observed in the kinetic
data of fig. 4. When the hydrothermal tempera-
ture is increased to the range where the solubility
of the precursor hydrous oxide (S,) is greater
than that of the anhydrous oxide (S,,), crystal-
lization of the latter will take place with the
nutrient precursor material acting as a reservoir
for the precipitating species. If the particle growth
is not topotactic with the precursor particles, then
nucieation of the PbTiO, is required. It is be-
lieved that this corresponds to the rapid, first-
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Fig. 7. Reaction scheme proposed for the hydrothermal crys-
tallization of PbTiO,. It is proposed that the difference in
solubility of the precursor hydrous oxide and the product
material, PbTiO,, at the hydrothermal reaction temperature
provides the driving force or supersaturation, §,,. necessary
o nucleate ard grow PbTiO, particles via precipitation from

homogeneous solution.

stage crystallization. As might be expected for a
such a complex dissolution-recrystallization proc-
ess, the m exponents for this stage of crystalliza-
tion (fig. 5) did not correspond to any of the
theoretical values for the standard solid-state re-
action rate equations (table 2).

Once sufficient nuclei are formed, as dictated
by the relative supersaturation at a particular
temperature, growth will commence. It is be-
lieved that this corresponds to the sharp transi-
tion to a second-stage crystallization at f=0.3-
0.4 as obscrved in fig. 5. With the dissolution of a
precursor solid providing the nutrient for the
ultimate crystalline phase, uniformly shaped,
ncarly monosized particles are produced, pro-
vided that the dissolution or decomposition of the
precursor material is the rate-limiting step. The
zero-order kinetic dependence of the second-
stage crystallization is consistent with this re-
quirement. Zero-order kinetics imply that the re-
action rate is independent of the concentration of
the reactants, and are observed in systems where
the rate is controlled by a large excess of one
reactant, or is dictated by an external variable,
sich as the intensity of light in a photocatalyzed
reaction [29]. In the mechanism proposed, crystal-
lization can continue only so long as there is
sufficient nutrient to maintain supersaturation.

When the nutrient is depleted to the point where
this is no longer possible, the crystallization might
be expected to end abruptly, with little premoni-
tory diminution of the crystallization rate as 100%
crystallinity is approached.

4. Summary

Crystalline, nanometer sized PbTiO, particles
were synthesized under autogenous hydrothermal
conditions at temperatures in the range of 225-
250°C and feedstock concentrations of 0.1-1.0
molar. Under these conditions, the product parti-
cles crystallized with a relatively uniform acicular
morphology. In contrast to expectations based on
classical nucleation and growth models. the parti-
cle size was found to increase at higher feedstock
concentrations. A simple solid-state analysis of
the crystallization rate data showed that the ki-
netics could be characterized by three regimes
corresponding to0 a temperature-dependent in-
duction period, an initial period of rapid crystal-
lization, and a second period of crystallization
obeying a zero-order rate law. To account for
these observations, a particle formation mecha-
nism was proposed wherein an anhydrous oxide
leading to the perovskite phase is precipitated
from a homogeneous solution, the supersatura-
tion condition of which is dictated by the solubil-
ity of a sparingly soluble amorphous hydrous ox-
ide precursor. It is suggested that this reaction
scheme may be usclul in preparing uniform,
monosized particles of complex oxides from high
concentrations of nutrient and at high yields.
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